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YOUNGER INTRUSIVE ROCKS OF PLATEAU PROVINCE, NIGERIA, 
COMPARED WITH THE ALKALIC ROCKS OF NEW ENGLAND 


By RoBert GREENWOOD 
ABSTRACT 


In north-central Nigeria a group of rocks of alkalic affinities, known as the Younger Intrusive Series, 
invades a metamorphic terrain. The classic sequence of magmatic differentiation is observed, but the pro- 
portion of felsic to mafic rock is unusually high. The appearance of riebeckite, aegirine, hedenbergite, iron- 
rich biotite, and fayalite in the felsic rocks corresponds well with the theoretical products of differentiation. 
The Younger Intrusive Series of Nigeria is highly discordant to pre-existing structures. The clean sharp 

ontacts, locally chilled, irregular but not intricate, confirm the magmatic origin suggested by the petrology. 
Some of the rhyolites of the Series are now believed to be extrusive. The rocks are post-tectonic, and have 

mplaced themselves chiefly by large-scale stoping along concentric and radial fractures relatively close to 
the surface. Many bodies of intrusive rhyolite occupy crescentic fractures, and granite porphyry develops 
ring-structures. The granite stocks afford illuminating evidence of intrusion by large-scale stoping, in which 
areas of country rock are almost severed by arms and apophyses from the main granite mass. 

The alkalic rocks of New England are remarkably similar to the Younger Intrusive Series of Nigeria in 
history, structure, and petrology. Mineralogical parallels extend even to minor constituents. In both areas, 
he older rocks consist of metamorphosed sediments invaded by concordant syntectonic bodies, the so-called 
‘Older Granites”. The chief group of alkalic rocks in New England is the White Mountain Magma Series 
of New Hampshire, consisting of ring-structures and other complexes comparable in size and extent to those 
pf Nigeria. One difference from the Nigerian occurrences is the presence of a few feldspathoid rocks in New 

ngland. In both areas, the mineral evolution shows a progression from calcic to sodic plagioclase, with 
quartz appearing in the younger rocks, and a corresponding increase of the ratio of iron to magnesia in the 
Hark minerals. These trends suggest derivation of the various rocks by magmatic differentiation, but such 
fifferentiation is quantitatively inadequate to explain the great preponderance of felsic rocks. It is suggested 
hat, concomitant with the regional metamorphism and orogeny, there was partial melting at depth, con- 
ributing to the formation of a hybrid magma in the post-tectonic phase. 
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INTRODUCTION author were published in Nigeria (Greenwood, 
1945). A new Bulletin (No. 19) of the Geological 
Gen ral Statement ¢ ts 


From 1944 to 1946 the author remapped the 
geology of a part of Plateau Province, Nigeria, 
while a member of the Geological Survey of 
Nigeria. The primary object was the location 
of buried tin placers, but most significant find- 
ings relate to the rocks with which the tin 
mineralization is associated, the Younger In- 
trusive Series. Subsequently the author became 
acquainted with the White Mountain Magma 
Series of New Hampshire and examined its 
type localities during the summer of 1947. A 
comparison of the two areas leads to certain 
general principles regarding granitic magmas 
and the mechanics of their intrusion. 


Previous Geological Work in Nigeria 


The first reconnaissance of the Tinfield 
(Falconer, 1921) includes a map of all the area 
mapped by the present author, except the ex- 
treme west and south. Most of the major bodies 
of Younger Intrusives (Pl. 3) were outlined in 
other bulletins dealing with the Tinfield (Fal- 
coner and Raeburn, 1923; Falconer ef al. 1926; 
Raeburn, 1924; Raeburn é al., 1927) but no 
detailed mapping was undertaken. A. D. N. 
Bain (1934) published a study of the Kudaru 
Hills and a similar area near by, the Liruein 
Kano Hills, has been studied by R. R. E. 
Jacobson (1947). In 1945 the author visited 
the Liruein Kano area with Dr. Jacobson. 

Two preliminary reports by the present 


Survey of Nigeria, dealing with the Plateau, 
published late in 1949, incorporates some of 
the present author’s work, but copies have not 
reached him at the time of writing. 
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GENERAL GEOLOGY OF PLATEAU PROVINCE 


Geography 


The highland from which Plateau Province 
takes its name is an erosion residual 75 miles 
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FicurE 2. GEroLocic ForMATIONS OF NIGERIA 


Younger Intrusive Series (Pl. 3). No natural 
boundary exists on the east. The region to be 
considered in detail occupies the southwestern 
quarter of the Plateau proper, including the 
two quadrangles Dress II and Naraguta IV, 
and half of Naraguta III. The town of Jos, 
the provincial capital lies about 20 miles to the 
north (Fig. 2). 


The eastern half of Plate 1 is part of the true 
Plateau, an old age surface of broad gentle 
relief cut on the gneissic complex. The Younger 
Intrusives stand out sharply from this surface 
as groups of bare, rocky hills (Pl. 2). In the 
western half of the area, one approaches the 
edge of the Plateau. The Vom Hills in the north 
and the Sha Hills in the south stand as but- 
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tresses rising to about 5000 feet, which form 
steep scarps. Some young basalt flows have 
poured over the scarps and spread on the 
plains below. In the west-central section, the 
true Plateau surface has been dissected into a 
mature hilly topography, descending to around 


3500 feet. 
The Plateau has an average rainfall of 55 


inches per year, but since the rains are confined 
to the summer months and the country is des- 
sicated in winter by the Harmattan wind from 
the Sahara, it presents the aspect of a semi-arid 
region. The alternation of prolonged dry seasons 
and heavy thunderstorms is conducive to rapid 
erosion. 


Precambrian (?) 


A gneissic complex occurs over about a 
third of the area mapped, consisting almost en- 
tirely of strongly folded meta-sediments, pre- 
sumed to be Precambrian for lack of fossil 
evidence. The structural trend is north-south, 
with local deviations. 

More or less foliated rocks known as “Older 
Granites” occur among the gneisses, and 
within the area mapped they make up a third 
of the metamorphic terrain. The commonest 
type is a biotite granodiorite, typically with 
porphyritic feldspars, and, in the southwest, 
muscovite-bearing types buttress the Plateau 
edge. One elongate body of quartz diorite is 
found north and south of Sho (NRG IV). All 
these rocks show a large-scale concordance with 
the gneisses and wide transitional zones of 
migmatization, with swarms of small aplites 
and pegmatites. The wide area mapped as 
Older Granitic rocks in the south contain a 
substantial proportion of gneisses, but the two 
units were not separable on the present scale of 
mapping. The Older Granitic rocks can be 
classed as syntectonic, and may possibly repre- 
sent the end-product of regional metamorphism 
culminating in granitization. In any event, 
they and the Younger Intrusive Series repre- 
Sent opposite poles in the granite controversy. 
Nothing is known of the age of the Older Gra- 
hitic rocks beyond the fact that they are cut by 


the earliest members of the Younger Intrusive 
Series, 


Tertiary and Quaternary 


Long after the Younger Intrusive Series had 
been exposed by erosion, lava flows occurred on 
the Plateau, covering and preserving certain 
thin fluvial deposits. Both are grouped under 
the name Fluvio-volcanic Series, and remnants 
are preserved today as scattered groups of 
flat-topped hills capped by resistant laterite. 
The Fluvio-volcanic Series is flat-lying, but 
locally faulted. It is believed to be of Tertiary 
age. 

Extensive areas on and around the Plateau 
are covered by flows of olivine basalt, known 
as the “Newer Basalts’’, which issued from 
various local foci. The Newer Basalts flowed 
out after much of the Fluvio-volcanic Series 
had already been eroded, and they escaped the 
period of thorough chemical weathering and 
lateritization to which the Fluvio-volcanics 
were subjected. Certain fresh cones suggest 
that the activity continued into the Recent 


The alluvial deposits of the Plateau provide 
the bulk of Nigerian tin production and almost 
all of its columbite. The deposits range in age 
from Fluvio-volcanic to Recent, and are found 
in all topographical situations. The earlier 
workings were confined to the present streams, 
and extended to deposits under terraces and 
abandoned stream channels. Today the em- 
phasis is turning towards the “deep leads”, 
the deposits concealed beneath Fluvio-volcanic 
beds or Newer Basalt flows. The ultimate source 
of the alluvial cassiterite and columbite is the 
mineralization associated with the Yourtger In- 
trusive Series. 


YounGER INTRUSIVE SERIES—AUTHOR’S 
MAPPING IN PLATEAU PROVINCE 


Introduction 


The Younger Intrusive Series comprises a 
group of closely related igneous rocks occurring 
in north-central Nigeria as complex stocks and 
other discordant bodies, over an area 270 
miles in maximum dimension (Pl. 3). They 
cut the gneisses and Older Granites, and at 
their southernmost exposure, in the Afo Hills, 
are overlain by marine Upper Cretaceous beds 


_ (Tattam, 1943). No more precise estimate of 
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their age can be derived from the geologic 
evidence. 

The complexes are preponderantly made up 
of granitic rocks, rich in soda and distinguished 
by the presence of riebeckite and other sodic 
minerals, and may therefore be termed ‘alka- 
lic’. The work ‘alkalic’ as used here does not 
mean ‘subsilicic’; indeed, no feldspathoid min- 
erals have been reported in these rocks. 

The Younger Intrusive Series covers about a 
third of the region mapped by the author, and 
may be divided into five separate areas: the 
Vom, Kuru, Forum, Ropp, and Sha hills, in all 
of which granite is the dominant rock type 
(Pl. 1). Because of their superior resistance to 
erosion, the Younger Intrusives form rugged 
hills, with scanty soil and vegetation. 

The Vom Hills are included in the northwest 
portion of the area, except for their extreme 
northern edge. The jointing of the granite, 
always well developed in a roughly cubic pat- 
tern, is here more widely spaced than in the 
other hills and gives rise to many vertical 
cliffs and steep-walled valleys. The peculiar 
angular pattern of the streams in the northern 
part of the Vom Hills is a direct result of the 
jointing. In all the Younger Granites, the 
weathering of joint blocks gives rise to piles of 
huge boulders, still essentially in place, and 
on these weathered boulders a characteristic 
pattern of reticulate cracks is developed. The 
Vom Hills are composed entirely of biotite 
granite, but the northwesterly arm known as 
the Kigom Hills consists of riebeckite granite. 

The Kuru Hills are part of the largest single 
intrusion in the complex, which stretches north- 
wards beyond Jos. Only its southern end is 
included in Plate 1. The Kuru Hills are less 
rugged than the Vom Hills, and the Plateau 
surface has extended itself well back into them 
as a pediment. The Kuru Hills are biotite 
granite throughout, but the diversity of tex- 
ture, with much microgranite and pegmatite 
streaks, is in marked contrast to the Vom Hills. 


ROBERT GREENWOOD—YOUNGER INTRUSIVE ROCKS, NIGERIA 


Mineralization is more abundant, and networks 
of greisen and quartz veins are common. 

The Forum Hills are a small group adjacent 
to the Kuru Hills and very similar to them, 
with.a great deal of heterogeneous microgranite 
and aplite in the northern section. 

To the south of the area lies another large 
intrusive complex, the Sha Hills, of which only 
the northern part appears in Plate 1. The pre- 
dominant rock of the Sha Hills is a fairly coarse 
biotite granite, locally with hornblende. It lacks 
economic mineralization. The hills also include 
granite porphyries, and traces of the rhyolites 
so abundant in the northern complexes. 

The Ropp Hills are the most varied group in 
structure, in petrology, and economic minerali- 
zation. The main body is a roughly triangular 
mass of medium-grained biotite granite. Off- 
shoots or apophyses of granite or granite 
porphyry stem from each corner and form 
prominent ridges for miles across the country. 
The three outcrops of Younger Granite aligned 
in a NE-SW direction west of the Bokkos Plug 
(DRE II) represent the continuation of a larger 
offshoot lying east of the mapped area. 

The pediments associated with the old 
Plateau surface and the period of lateritization 
cut back deeply into the Ropp Hills on all sides 
(Pl. 2, fig. 2), and for that reason contacts with 
the gneisses are not well exposed. Jointing is 
more closely spaced than in the Vom Hills, and 
its influence on the stream pattern is less ap- 
parent. North of Tente, a pendant of older 
rocks more than a mile wide within the Ropp 
Granite is invaded and much reworked by the 
latter. In contrast to the other bodies of 
Younger Intrusives within the area, the Ropp 
Granite has locally metamorphosed the older 
rocks. In general this has not obscured thecon- 
tact relations, but in the area around Dress 
(DRE II) there are rocks which possess some of 
the characteristics of both the Younger and 
Older Granites. These are described under 
“Contact Metamorphism’”’. 


Pirate 2. YOUNGER GRANITE HILLS 


Ficure 1. 


View Norta oF Jos, NIGERIA 
Typical of Younger Granite exposures. 
FicurE 2. PEDIMENT NEAR Ropp, NIGERIA 
The dragline is working a placer tin deposit. 
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The rock types are described below in chrono- 
logical order. The relations between granite 
porphyry and biotite granite are not clear, 
though in general the granite porphyry appears 
the older. They are at any rate close to each 
other in time. The riebeckite granite is of limited 
extent and, though it occurs in well defined 
bodies, it is essentially contemporaneous with 
the biotite granite. 


Hornblende Micro-Gabbro Dikes 


These dikes are found at scattered localities 
among the older rocks of the western parts of 
NRG IV and DRE II. The three best examples 
are found cutting the quartz diorite and the 
gneisses at Sho. All these dikes deviate little 
from N 20° E in strike, and dip steeply. Where 
exposed in section, the micro-gabbro is 10-15 
feet thick, but at the surface the piles of black 
boulders create the illusion of much greater 
thickness. So far as known, an early phase of 
mafic dike rocks has not been reported from 
other areas of Younger Intrusives. The uni- 
formity of attitude and composition exhibited 
by the micro-gabbro is in contrast to the random 
orientation and diversity of the later dolerite. 
Ina series of outcrops a little over a mile south- 
west of Sho (NRG IV), the age relations of 
several dikes are clearly traceable within a 
radius of a few hundred feet. The order of de- 
creasing age is as follows: 

1. Aplite of the Older Granitic rocks (oldest) 

2. Micro-Gabbro 

3. Younger Granite Porphyry 

4. Dolerité (youngest) 

The dikes are all very similar in appearance. 
Feldspar laths 5 mm. long assume a diabasic 
texture in a ground mass of dark minerals. 
Grains of ilmenite are sparsely distributed. 

PETROGRAPHY: 


Plagioclase: 65 per cent. In interlocking laths up 
to 5 by 1 mm. in size. Zoning is strongly marked: 
single crystals range from Anss at the core to Ans 
at the edge. 

Hornblende: 15 per cent. Well formed crystals of 
common hornblende about 3 mm. in size occur inter- 
stitial to the plagioclase. The hornblende appears 
to be a primary igneous mineral. 

Actinolite and Chlorite: 20 per cent. A fine fibrous 
mat of actinolite and greenish chlorite fills the inter- 


stices between the other minerals, and to some ex- 
tent replaces hornblende. 

Ilmenite (or Magnelite): Crystals up to 2 mm. in 
size, the larger ones deeply corroded. 


Rhyolite Sheets 


These rocks are represented within the 
mapped area at only two localities, both within 
the Younger Granite of the Sha Hills. One is at 
the south edge of DRE II, where porphyritic 
rhyolite is exposed over a width of 2000 feet and 
forms the summit of Hill 4611. The hill itself 
probably owes its survival to the superior re- 
sistance of the porphyry, a characteristic of 
these rocks in other localities. The rock consists 
of a gray, hard, homogeneous groundmass of 
extremely fine texture, with a few phenocrysts 
of pink feldspar (2 mm.) and clots of fine- 
grained dark minerals up to 3 mm. in size. The 
other rhyolite sheet forms a circular outcrop 
about 400 feet across, 3 miles west of the first 
one. Its contacts are not exposed. The rhyolite 
sheets are described as pre-granite by analogy 
with other localities where they are better de- 


veloped. 


PETROGRAPHY: 


Feldspar Phenocrysts amount to less than 10 per 
cent of the rock, as orthoclase perthite crystals of 
2 mm. or less. The perthite contains about 50 per 
cent of well twinned albite lamellae, of the com- 
position Ang. 

Mafic Phenocrysts of biotite and hornblende to- 
gether make up about 4 per cent of the rock, as 
aggregates of microscopic crystals in clumps of 
roughly prismatic outline up to 3 mm. in size. 

Quartz does not appear as phenocrysts, but as a 
network of ill-defined veinlets of coarse clear crys- 
tals, evidently formed later than the groundmass 
of the rock, but not confined to definite fractures. 

Groundmass: the groundmass is very fine, .01 to 


' 02 mm., and appears to consist entirely of quartz 


and alkali feldspar with a few shreds of amphibole. 
Granite Porphyry 


Granite porphyry within the mapped area is 
confined to the Ropp and Sho hills. It is a rock 
of granitic composition in which well-formed 
phenocrysts of feldspar and quartz are set in a 
gray microcrystalline groundmass of the same 
constituents, specked with biotite and other 
dark minerals. It is best developed in the great 


| | 
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western offshoot of the Ropp Granite known as 
the Sho apophysis, and in the ring of hills bor- 
dering the Older Granitic rocks south of Pitti 
(DRE II). The dikes cutting the gneisses south 
of Werram and east of Sho (NRG IV), 10-50 
feet thick, are excellent examples of the granite 
porphyry. In these localities, both quartz and 
feldspar are rounded by resorption and the 
quartz crystals are perfect bipyramids, indicat- 
ing that they crystallized as the high tempera- 
ture beta form. 

With crowding together of the phenocrysts, 
a distinctive type of porphyry is developed, 
which makes up most of Balfour Hill (DRE II). 
Granite porphyry is present exceptionally, at 
Kwop for example, as a contact phase of the 
biotite granite, into which it grades without a 
break. Usually, however, the granite retains its 
own texture right up to its contact with the 
older rocks. In the Keffi Abo-Ropp-Kwop area, 
there are numerous disconnected patches of 
granite porphyry. These do not show any clean 
contacts with normal granite, but rather a wide 
zone of very heterogeneous texture, with 
patches and streaks of microgranite, and what 
may be called subporphyritic granite. This 
subporphyritic rock forms a transition zone 
several hundred feet wide at the stem of the 
Sho apophysis between granite porphyry and 
normal granite, and is seen again bordering the 
granite prophyry south of Pitti (DRE II). In 
the offshoots of Nafam and Rafan in the north, 
subporphyritic granite makes up the thicker 
portions right up to the contact, while the at- 
tentuated extremity at the northeast end is a 
granite porphyry with rounded orthoclase 
phenocrysts 2 cm. in diameter. 

The resistance of the granite porphyry to 
erosion is intermediate between that of the 
granite and the rhyolite, and very much greater 
than that of any of the older rocks. The apophy- 
ses and offshoots therefore form prominent 
ridges. 

PETROGRAPHY: 


The potash feldspar phenocrysis, typically 5 mm. 
in diameter, form from 10 to 30 per cent of the rock. 
They are orthoclase perthite in contrast to the 
microcline of the granite, suggesting a higher tem- 
perature of formation for the porphyry. The pro- 
portion of albite lamellae ranges from 10 to 40 per 
cent of the perthite, in varied textures. Locally 
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some of the big phenocrysts of potash feldspar shoy 
a rim of albite about 0.2 mm. thick, the well-known 
rapakivi texture. In outcrop this rapakivi rim may 
weather to a distinctive groove. In all the granit, 
porphyries, the phenocrysts of feldspar are smoothly 
rounded to varying degrees. 

Discrete plagioclase crystals in the granite por. 
phyry have been found only in the Sho apophysis, 
where oligoclase constitutes up to 10 per cent of 
the rock. 

Quarts phenocrysts occur everywhere in the granite 
porphyry in amounts from 5 to 20 per cent. They 
are 1 to 4 mm. in size, stubby bipyramidal crystals 
indicating the beta modification, or high temper. 
ature quartz. The amount of resorption varies from 
a moderate rounding of the corners to the produc- 
tion of deeply scalloped re-entrants. The quartz 
phenocrysts are usually somewhat cracked, and 
the fractures occupied by groundmass material. 

Biotite is a universal constituent of the granite 
porphyry, as ragged crystals unevenly colored in 
green and brown, usually less than 0.1 mm. in size, 
and seldom exceeding 2 per cent of the rock. The 
refractive indices are high and variable, Ng ranging 
from 1.670 to 1.707. Biotites of very high index 
contain ferric iron. Biotite also forms loose aggre- 
gates and clots of roughly rectangular shape, sug- 
gesting derivation from an earlier dark mineral, 
possibly amphibole. 

Amphibole occurs in amounts up to 2 per cent. 
It is usually in felted aggregates of 0.1 mm. crystals, 
together with biotite, but may also occur as ragged 
single crystals up to 2 mm. long. The amphibole is 
strongly pleochroic with Z = deep green and X = 
pale brownish or yellowish-green, and has com- 
paratively low birefringence. Without chemical 
analyses, it cannot be assigned to a definite species. 
In both the granite porphyry and the rhyolite 
sheets, hornblende and biotite do not appear as 
early phenocrysts, but as products of late magmatic 
reactions. 

Hedenbergite: Locally the granite porphyry con- 
tains a small amount of hedenbergite. In the rock of 
Balfour Hill, it occurs as pale green perfectly formed 
crystals 1 mm. in cross section. The refractive indices 
indicate that the pyroxene has almost the compos- 
tion of the hedenbergite end member. The excellent 
crystallization is to be contrasted with the ragged 
character of the later hornblende and biotite, and is 
due to the formation of the hedenbergite as early 
phenocrysts. 

The groundmass of the granite porphyry ranges 
from 0.01 to 0.10 mm. in grain. Rocks with a grouné- 
mass grain greater than 0.10 mm. have been classed 
as subporphyritic granite rather than granite po 
phyry, and they lack the distinctive appearance 
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the latter rock in the field. The groundmass con- 
sists of quartz and clear untwinned alkali feldspars, 
with shreds of biotite. 

Accessories: Colorless fluorite is common, typi- 
cally associated with biotite. Zircon and ilmenite 
(or magnetite) are invariably present. Allanite oc- 
curs frequently and apatite is found only in those 
specimens which contain amphibole. 


Biotite Granite 


The most abundant phase of the Younger 
Intrusive Series in the mapped area, as well as 
in the field as a whole, is the biotite granite. 
It is composed essentially of perthite feldspar, 
sodic plagioclase, quartz, and biotite, and one 
of the most diagnostic features of the rock is the 
tendency of the minerals to form aggregates of 
like crystals, clots of perhaps a dozen quartz 
crystals, or biotite flakes, or feldspars occurring 
together. The grain size ranges from 1 to 5 mm., 
with single perthites up to 10 mm., and, al- 
though the entire range may be found in any 
area, in general the Vom and Sha granites are 
coarse, the Ropp granite medium to fine, and 
the Kuru and Forum granites very heterogene- 
ous. Another feature is the equal crystal de- 
velopment of quartz and feldspar, whereas in 
the Older Granitic rocks the quartz is patently 
interstitial to feldspar. 

The contact of the biotite granite with the 
older granitic rocks and gneisses is usually 
marked by a scarp or break in slope. The actual 
contact is nearly always of knife-edge sharpness 
and where measurable is observed to dip out- 
wards. Chilled margins and the development of 
granite porphyry are the exception, and usually 
the granite retains its normal texture at the 
contact. The apophyses on the north side of the 
Sha Hills, and even the thin concentric dikes 
flanking the hills, are of normal medium- 
grained granite. In the Ropp, Kuru, and Forum 
hills, where patches and streaks of microgranite 
are abundant, the heterogeneity of texture be- 
comes more pronounced in the vicinity of the 
contact, and coarse pegmatitic modifications 
appear. These pegmatites are not true dikes, 
but knots and lenticles in the granite no more 
than a few feet long, nowhere observed to pene- 
trate the older rocks. The pegmatites consist 
of the same minerals as the granite: potash 
feldspar, quartz, and biotite, and commonly 
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they have a central vug or cavity. Both smoky 
and amethystine quartz occur. The presence of 
cavities suggests resurgent boiling due to in- 
creased vapor pressure near the close of crystal- 
lization. Near the margins of the Ropp and 
Kuru granites, pods of massive milky quartz 
occur, associated with the pegmatite knots. The 
passage from pegmatites to pods of pure quartz 
is cited by Shand (1943, p. 8) as an illustration 
of transition from igneous to aqueous conditions. 
Neither the pegmatites nor the quartz pods 
show any connection with the greisen and tin 
mineralization which followed, and nowhere are 
they associated with sulphides or with hydro- 
thermal alteration. 

In two localities, the contact of the biotite 
granite with the older rocks is a zone of injection 
and partial assimilation. These are both in 
pendants, masses of older rocks surrounded by 
Younger Granite on all sides. One is in the 
eastern Kuru Hills near the northern edge of 
NRG IV; the other is in the southwest corner 
of the Ropp Granite, north of Tente, where a 
pendant a mile wide has been injected with sills 
of Younger Granite throughout its mass, and 
assimilation and digestion has taken place, with 
dark areas rich in biotite marking the relics of 
gneiss inclusions. The pendant consists of bands 
of even-grained Younger Granite alternating 
with foliated rocks which have Older Granite 
texture but Younger Granite mineralogy. 

The Younger Intrusives have no regional 
foliation, but at certain localities, adjacent to 
the contact with the older rocks, gneissic band- 
ing is imperfectly developed in the granite 
parallel to the contact. 

The so-called subporphyritic granite is best 
developed in the northern offshoots of the Ropp 
Granite at Kassa and Nafam, and to a lesser 
extent around the granite porphyry at Pitti 
(DRE I). It consists of large quartz and feld- 
spar crystals, the latter up to 10 mm. long so 
close together as to interfere with each other’s 
development, and a small amount of interstitial 
biotite granite of about 0.2 mm. grain size. At 
the core of the Nafam offshoot, in the thickest 
part, this phase passes into normal even- 
grained granite. 

PETROGRAPHY: 

The mineralogy of the granite is simple but the 
textures complex and variable. The phenomena of 
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replacement are not always distinguishable from 
those of consecutive crystallization, and the para- 
genesis of many of the Younger Granites, more 
especially the riebeckite granites, is difficult to 
ascertain. The tendency of the separate minerals 
to clot has been noted. About 30 per cent is quartz 
and nearly all the rest feldspar, mostly perthite, 
with a small and very variable proportion of dis- 
crete plagioclase. Biotite and accessories together 
do not exceed 5 per cent. 

The potash feldspar is microcline perthile every- 
where but in the Sha Granite, where it is orthoclase. 
This observation is also valid for the amphibole 
granites. The plagioclase lamellae range from Ang 
to Ango, usually Anjo. They correspond closely to 
the composition of the discrete plagioclase, where 
such is present. In the majority of sections, the 
plagioclase lamellae in the perthite make up from 
25 to 60 per cent of the entire crystal, and these may 
be called “stepped perthites.” This term is descrip- 
tive of a texture in which the albite forms a physi- 
cally continuous crystal, with only irregular islands 
of optically continuous microcline remaining, and 
the albite twin bands are parallel but not continuous 
longitudinally, so that different sets truncate each 
other and produce a stepped effect. Such large pro- 
portions of albite as 60 per cent cannot have formed 
by exsolution from the potash feldspar. Evidence 
from the riebeckite granites, presented under that 
heading, indicates they are the result of re- 
placement, probably late magmatic. In such a re- 
placement any albite already exsolved would be 
incorporated. Where diagnostic evidence of replace- 
ment is lacking, simultaneous crystallization is a 
possible alternative explanation. 

The amount of plagioclase distinct from perthite 
ranges from none to 30 per cent in the biotite 
granites. Crystals are smaller than the perthites, 
usually 1 to 2 mm. The composition typically de- 
parts little from Anjo, but may reach Anjo. The 
quantity of discrete plagioclase bears no relation 
to the composition of the accompanying perthite. 

The quariz is typically in equidimensional crystals 
of 1 to 2 mm. with a tendency to clot. Truly graphic 
textures are rare, and myrmekite is never present, 
a point of distinction from the Older Granites. 

The amount of biotite ranges up to 5 per cent. 
It is olive-green or brown, and both colors appear 
in a single slide. It is partly oxidized or bleached, 
and this may contribute to the wide variation in 
refractive indices. Ng varies from 1.637 to 1.707. 
In some specimens, the biotite occurs as compact 
clots up to 4 mm. long, consisting of unoriented 0.2 
mm. crystals, probably a reaction product from an 
earlier dark mineral. 

The most important accessory is fluroite, which 
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usually shows an affinity for biotite. It often forms 
0.5 per cent of the rock, and individual crystals 
attain 3 mm. in size. This quantity of fluorine must 
have contributed greatly to the fluidity of the 
crystallizing granite. Zircon and ilmenite (Mag. 
netite?) are present in traces; allanite is less common 
than in the granite porphyry. 


Inclusions 


In the mapped area, inclusions in the Younger 
Intrusive Series are rare except for those asso- 
ciated with the zones of injection bordering the 
two pendants mentioned. Dark inclusions are 
found sporadically in both arms of the Nafam 
offshoot (NRG IV) of the Ropp Granite, in 
subporphyritic granite and granite porphyry, 
They are subangular bodies of fine grain and 
mafic granitic composition, most of them less 
than 10 cm. long. Locally the perthite pheno- 
crysts of the host rock are also seen within the 
inclusions, where they have presumably grown 
by replacement. This similarity of feldspars in 
inclusion and host rock has been used elsewhere 
as evidence for formation of the granite in place 
by metasomatic processes (Read, 1944, p. 84). 
As these granites are demonstrably intrusive and 
magmatic, identity of the feldspars in inclusion 
and granite does not appear to be a universally 
valid criterion for granitization. Inclusions were 
observed at only two other localities, both in the 
Sha Granite, 1 mile and 3 miles east of Pitti 
respectively, They are similarly fine-grained 
mafic rocks, corresponding in mineralogy to 
orthoclase hornblende granites, one also having 
oligoclase, and they are rich in apatite and 
ilmenite. The origin of the inclusions is not 
understood. Inclusions of undoubted Older 
Granite or gneiss are not found, except as 
pendants of mappable dimensions. 


Amphibole Granites 


Hornblende-biotite granite —Granites contain- 
ing hornblende in addition to biotite are not 
common in the Younger Intrusive Series. Fine- 
grained granites rich in hornblende are found 
in the Ropp Granite east of Gindi Akwati 
(DRE II) and again 3 miles further south at the 
contact with the older rocks near Hill 5081. 
They are even-textured granites, with the aver 
age grain less than 1 mm., with about 10 per 
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cent of hornblende and little biotite. The extent 
of these patches is small, less than 1000 feet, 
and their relation to the biotite granite is no- 
where well defined. In the Sha Granite 3 miles 
southwest of Monguna Arma (DRE II), there is 
a ridge of coarse hornblende-biotite granite 
running close to the contact of the older rocks 
for about half a mile. The petrography is similar 
to that of the biotite granite except for the 
presence of hornblende. 

Riebeckite Granite—The riebeckite granites in 
the area mapped are much less extensive than 
the biotite granites, but they possess a varied 
mineralogy and are of considerable interest to 
the petrologist. They are nowhere associated 
with the later hydrothermal—amineralization. 

In the northern part of NRG III, the Kigom 
Hills are composed entirely of riebeckite granite, 
part of which lies within the mapped area. In 
the northern part the rock is of even-textured 
aplitic appearance, containing ragged “sieve 
crystals” of riebeckite up to 10 mm. In the 
middle of the hills, the granite is of medium 
texture, with evenly distributed, well formed 
prisms of riebeckite about 1 by 4 mm., which 
are aligned in swirls and eddy patterns, indi- 
cating movement in the crystallizing magma. 
This granite, with progressive addition of bio- 
tite over about 20 feet, passes into biotite 
granite on its eastern margin. In the south- 
eastern part of the Kigom Hills, the riebeckite 
granite is somewhat coarser and contains 
aegirine, the soda-pyroxene, in crystals com- 
mensurate and intergrown with the riebeckite. 
In the opinion of Shand (1943, p. 125), the soda 
amphiboles and pyroxenes are usually of late 
magmatic derivation, and aegirine is considered 
to require the presence of water for its forma- 
tion (Shand, p. 54). There is much in the tex- 
ture of the riebeckite and aegirine granites to 
support this view of late crystallization. In the 
Kigom Hills, there are knots and streaks of 
pegmatite a few feet long in which riebeckite 
crystals attain lengths of 10 cm., and aegirine 
is subordinate. 

Elsewhere in the mapped area, there are only 
three small areas of riebeckite granite, each 
about 1000 feet in diameter. One is in the Sha 
Granite east of Monguna Hausa (DRE II) and, 
by admixture of biotite, passes into the sur- 
rounding biotite granite; another forms an 
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isolated intrusion in the gneisses south of 
Butra (DRE II), and this contains biotite 
throughout. The third mass, which forms a nose 
of the Ropp Granite in the southeast corner of 
NRG IV, near Durowa, has a compact sugary 
appearance, and all the minerals are fresh and 
lustrous, small, even prisms of riebeckite in a 
fine matrix of quartz and feldspar with orange 
specks of pyrochlore and colorless crystals of 
thomsenolite, a complex fluoride. Pyrochlore, 
the sodium columbate, is universally present in 
the riebeckite granite. The mineral columbite, 
which is of economic importance in the alluvials, 
is derived from the biotite granite, where it also 
is apparently disseminated as an accessory con- 
stituent. (See section on mineralization). Both 
minerals are typically found elsewhere in 
pegmatites, and this unusual occurrence is 
believed to be unique. 

PETROGRAPHY: 


Perthite: The potash feldspars of the riebeckite 
granite are microcline, except for the two areas 
associated with the Sha Granite, which contain 
orthoclase, a mineral apparently characteristic of all 
phases of the Sha Granite. The proportion of plagio- 
clase lamellae ranges from 20 to 60 per cent, with 
a composition from An; to Anjo. “Stepped perthites”’ 
are common, associated with rapakivi rims of clear 
albite in optical continuity with the lamellae, and 
these rims present a saw-toothed edge to the ad- 
jacent grain, made up of the terminations of the 
individual albite crystals. These saw-toothed edges 
replace adjacent perthite and quartz. They con- 
stitute the best evidence for origin of the albite by 
late-magmatic replacement. In the aegirine-bearing 
rocks the microcline is a typical exsolution perthite, 
with small transverse blebs of twinned albite 
amounting to only 10 per cent of the crystal. 

Plagioclase is subordinate in amount and usually 
corresponds to the composition of the perthite 
lamellae and rapakivi rims, with which it may be 
texturally related. 

Quartz makes up about 30 per cent of the rie- 
beckite granites, somewhat more coarsely crystal- 
lized than in the other granites. 

The amount of riebeckite is about 3 per cent. 
Crystals occur singly and have a general prismatic 
shape, but in detail their edges are ragged, and 
appear to be molded on the quartz and feldspar. 
The 10 mm. sieve crystals of the north Kigom Hills 
have been noted above. In a specimen from south 
of Butra (DRE II), there is a riebeckite crystal 
pseudomorphous after plagioclase. 

The riebeckite is always very strongly pleochroic, 
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with Na = 1.687 (?) very dark blue; Nb = 1.697, 
blue-gray; and Ng = 1.703, yellowish-green. The 
extinction angle X to c is 9 degrees. The riebeckite 
of the south Kigom Hills has been analyzed and 
compared with the aegirine from the same rock 


TABLE 1.—RIEBECKITE AND AEGIRINE ANALYSES 


1 2 
17.62 
-48 
onder 7.98 12.86 
100.65 
Less O = F 71 
99.94 99.95 


1. Riebeckite NGS5, south Kigom Hills, Plateau 
Province, Nigeria. Analyst, F. A. Gonyer, 1948. 

2. Aegirine NGS, south Kigom Hills, Plateau 
Province, Nigeria. Analyst, F. A. Gonyer, 1948. 
From same rock specimen as (1). 


(Table 1). It closely approaches the theoretical 
composition NagFet*sFe***,Sie0«(OH, F)2, having 
the full quota of silica and very little Mg or Ca. It 
is unusually rich in fluorine, and the proportion of 
lithium is noteworthy. 

Aegirine: The soda pyroxene is found only in the 
granite of the south Kigom Hills, where it makes 
up about 3 per cent of the rock. The crystals are 
very similar in size and form to the riebeckite, with 
which they are frequently intergrown in parallel 
orientation. The aegirine has been separated and 
analysed for comparison with the riebeckite (Table 
1). It more closely approaches the artificial end- 
member than any other analyzed aegirine known to 
the author. The calculated formula of the analyzed 
aegirine is (Na, K) 0.95 (Fe**Fe***Al Ti): 
indicating a close approximation to the standard 
formula NaFe***Si,Os. The optical constants are 
Na = 1.770, emerald-green; Nb = 1.812, yellow- 
green; and Ng = 1.830, very pale yellow-green. 
Biotite is present only in the two transitional 
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types from the Sha Hills. It is a brown mica of high 
iron content typical of the Younger Granite, 

Accessories: The accessory minerals are cop. 
sistently different from those of the biotite granites, 
Fluorite is much less abundant, and since in the other 
rocks its affinity for biotite is apparent in section, 
some relation between the two minerals must exist. 
In the biotite granites, the rare earths occur in 
allanite, but in the riebeckite granites they are 
concentrated in pyrochlore, which is essentially 
sodium columbate rich in cerium and other rare 
earths. It occurs in all the pure riebeckite granites, 
as orange-brown octahedra about 1 mm. in size. 
Pyrochlore is a constant accessory of the riebeckite 
granite of the Liruein Kano Hills (Jacobson, per. 
sonal communication). 

Zircon and ilmenite (magnetite?) are erratically 
distributed. 

Astrophyllite, a rare titanosilicate of iron and 
alkalies, occurs locally as radiating clusters of 
blades about 5 mm. across, of micaceous appearance, 

Thomsenolite, a sodium-calcium aluminum fluo- 
ride, is found only in the riebeckite granite of 
Durowa, where it makes up about 1 per cent of the 
rock. In plane light, thomsenolite may be mistaken 
for fluorite. The mineral is known elsewhere only 
as an alteration of cryolite, and it is noteworthy 
that cryolite itself has now been found in the granites 
of the Liruein Kano Hills (Jacobson, personal 
communication). 

Dolerite Dikes 

The Younger Intrusive Series is cut by a great 
many small, dark dikes, also common in the 
areas of older rocks. Their trend is varied and 
only the most prominent are shown on the map 
(Pl. 1). They are plagioclase-augite rocks, dark 
green or black with a grain size of about 1 mm. 
and usually containing scattered crystals of 
pyrite. Many of the smaller ones are extremely 
fine-grained and might be called basalts, but the 
British term dolerite is most descriptive of the 
group as a whole. Rarely more than 10 feet 
thick, usually much less, they are most abun- 
dant in the west-central part of the area; around 
Sho (NRG IV), several can be traced for over 
mile. Many dikes have abundant angular in- 
clusions of granitic rocks torn from their walls. 
All the dolerites are provisionally assigned to 
the close of the Younger Intrusive igneous 
cycle. Some may be of Tertiary age and may 
have served as conduits for the Fluvio-volcanic 
lavas, though it is not at present subject 
proof. 
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Rhyolite Dikes 


A prominent dike of flow-banded rhyolite 
about 20 feet thick cuts the gneisses southeast 
of Nafam (NRG IV). South of Yelwa (DRE II) 
isa dike 5 feet thick, of rhyolite with quartz and 
orthoclase phenocrysts. Neither can be defi- 
nitely related to the Younger Intrusives, but 
are probably of comparable age. 

“More significant are a number of siliceous 
dikes found in the Younger Granites of the Vom 
Hills and the Kuru Hills, with a single example 
in the Ropp Granite east of Kassa (NRG IV). 
One can be traced for 1.5 miles. They are 10 to 
20 feet thick and consist of a fine-grained ag- 
gregate, about 0.05 to 0.1 mm., of quartz and 
alkali feldspar thoroughly kaolinized and per- 
meated with earthy hematite so that in hand 
specimen the rock looks like a siltstone. They 
have been brecciated and filled in with a net- 
work of veins and vugs of banded quartz and 
chalcedony, and crusts of botryoidal iron and 
manganese oxides. These veins have all the 
characteristics of extremely low-temperature 
deposition. It is believed that the greisenization 
and tin mineralization of the Younger Granites 
took place at the close of the period of magmatic 
activity, while temperature remained high. 
These low temperature veins therefore must be 
of later date than the mineralization. To the 
author’s knowledge, no comparable occurrences 
have been reported elsewhere in the Younger 
Intrusives. 


Contact Metamor phism 


Of the Younger Intrusives within the area, 
only the Ropp Granite has appreciably meta- 
morphosed its wall rocks. The effects are readily 
observed in the Older Granites of the Sho- 
Barakin Ladi-Kwop area (NRG IV). The meta- 
morphism is patchy and is not found to a signifi- 
cant degree more than 2000 feet from the 
Younger Intrusives. Other areas are 2 miles 
northeast of Kassa (NRG IV), around Zurgum 
and Tente at the southwest corner of the Ropp 
Hills, and near the Sha Granite south of Mon- 
guna Hausa (DRE II). 

In all these localities, nothing is left of the 
original texture of the Older Granite except its 
big potash feldspars, and these are veined and 
surrounded by a ragged mat of actinolite and 


other dark minerals, with veinlets of fine- 
grained quartz. Red garnets 1 mm. in size are 
seen locally. Away from the contact, actinolite 
diminishes rapidly. Microscopically the feld- 
spars are seen to be strained and shattered, and 
recemented by fine-grained chlorite, biotite, 
actinolite, and quartz. Needles of apatite are 
abundant. 

In an area of about 2 square miles northeast 
and northwest of Dress (DRE II), there are 
rocks which show many of the characteristics of 
both Older and Younger Granites. They have 
been mapped as Older Granites, because to the 
north of Dress they are clearly intruded by dikes 
of Younger Granite porphyry. These rocks are 
uniform medium-grained, unfoliated biotite 
granites but lack the clotted texture of the 
Younger Granites, and the quartz is definitely 
interstitial to feldspar. The rocks around Dress 
correspond closely to the incipient stage of the 
contact metamorphism just described, in which 
the Older Granite has been recrystallized and 
has lost its foliation, with the formation of 
chlorite and the redistribution of quartz. Little 
or no material was contributed by the Younger 


Granite magma. 
Mineralization 


Tin and tungsten.—The cassiterite mined 
from alluvial deposits on the Plateau was de- 
rived originally from a lode mineralization asso- 
ciated with the biotite Younger Granite, and 
small veins and mineralized patches are abun- 
dant in many areas of granite now exposed. No 
veins have been found which would warrant 
underground mining, though rich pockets have 
yielded a few tons apiece in surface excavation. 

Because the tin deposits all occur within the 
Younger Granite, or at its contact with the 
older rocks, and because of the common associa- 
tion of granite, tin, and tungsten, it is believed 
that the tin and associated metals were con- 
centrated in the residual fluids at the time of 
final consolidation of the granite. However, the 
connection is as much structural as genetic, 
since the excellent jointing of the Younger 
Granites afforded a pathway for the hydro- 
thermal solutions. The jointing, which appears 
to be of the tension type commonly attributed 
to the cooling of igneous rock, is definitely later 
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than the pegmatite knots and miarolitic cavi- 
ties of the biotite granite. 

The alteration is essentially a form of greisen, 
depending chiefly on the formation of three new 
minerals within the granite: topaz, quartz, and 
a pale-green mica. The absence of tourmaline is 
in notable contrast to the pegmatites of the 
Older Granites. The greisen forms a branching 
network of alteration lines in the granite, dark 
gray or green, and commonly parallel to the 
joint pattern. Veinlets of pure quartz may oc- 
cupy the central part of the greisenized fissure, 
or branch out independently of the greisen. 
This vein quartz may be massive or drusy; it 
makes a sharp junction with the micaceous 
greisen and appears to be a fracture filling 
rather than a replacement. The bulk of the 
cassiterite is in the quartz veins themselves 
rather than the greisen. 

Microscopic examination shows that patchy 
and partial greisenization extends into the 
granite well beyond the zones where its effects 

are visible in outcrop. The feldspar and original 
biotite are attacked and replaced by quartz, 
topaz, and pale-green mica. At a later stage, the 
green mica attacks quartz also. In one outcrop 
northwest of Dress, replacement has been com- 
plete, with perfect preservation of the grain and 
texture of the original granite. 

The tungsten of the area is not of economic 
importance. Wolframite occurs subordinately 
with cassiterite in some of the quartz veins, but 
attains its best development in relatively wide, 
isolated quartz veins containing almost no tin. 

In some of the tin-bearing greisen, metallic 
sulphides are finely disseminated, chiefly sphal- 
erite and pyrite, though chalcopyrite, molyb- 
denite, galena, and arsenopyrite also occur. 
These sulphides, though negligible in quantity, 
show that there was little opportunity for zon- 
ing of the different metals, and that all were 
precipitated together. This suggests a sudden 
change in the condition of the ore-forming fluid, 
either a drop in temperature or an abrupt fall in 
pressure causing loss of mineralizers by boiling. 
The evidence therefore is for mineralization 
fairly close to the surface, much of it in open 
fractures, as shown by the abundance of comb 
structure and drusy quartz. This theory of 
shallow origin is supported by the nature of the 
Younger Intrusives themselves, with their 
chilled contacts and association with rhyolite. 
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Columbite——The columbite associated with 
the Younger Intrusives is never found in the 
greisen or quartz veins with the other metals, 
and until recently the large alluvial deposits 
of the mineral were not explained. The colum- 
bite of the alluvials is remarkable for its ypi- 
formity. The crystals are all about 1-2 mm, 
long, of similar habit, and uniformly low in 
tantalum. Preliminary investigations indicate 
that the columbite is disseminated as a primary 
constituent in portions of the unaltered biotite 
Younger Granite (Jacobson, 1945). 


Genesis 


Petrology—Except for the dike rocks, the 
Younger Intrusives of the area all have about 
30 per cent quartz and 65 per cent alkali feld- 
spar. The dark minerals are usually less than 5 
per cent of the rock, and are invariably iron- 
rich silicates, so that their precise nature has 
little effect on the bulk composition of the rock. 
Variation in texture and mineralogy, then, is 
due more to conditions of crystallization than 
to the chemical composition. The small amount 
of pyroxene found in the granite porphyry, for 
example, is an unstable phase which has sur- 
vived because of the rapid consolidation of the 
rock, due either to sudden cooling or escape of 
mineralizers. This conclusion is confirmed by 
the presence of orthoclase as opposed to the 
microcline of the true granites. In the granites, 
magmatic teactions have proceeded uninter- 
ruptedly with decreasing temperature, so that 
in most of them the only dark mineral is biotite, 
the low-temperature end member of Bowen's 
reaction series. In both granite porphyry and 
granite, the occasional presence of well defined 
clots of fine-grained biotite testifies to the de- 
struction of an earlier dark mineral by changing 
conditions of chemical equilibrium. Amphibole 
fits this concept of evolution of the dark miner- 
als in a general way, except for its occasional 
presence in certain fairly coarse granites where 
favorable conditions for complete reaction 
would be expected. The green amphibole of the 
porphyritic rocks has the clumped development 
typical of a late reaction product, probably de- 
rived from pyroxene. 

The formation of riebeckite and aegirine is 
not clearly understood, but they appear to have 
erystallized late. Perhaps the most acceptable 
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explanation is that the riebeckite-aegirine rocks 
fall in the subaluminous category of Shand, and 
that all the soda could not be taken up in feld- 
spar (Shand, 1943, p. 241). 

These alkalic granites represent end-products 
of magmatic differentiation. The composition 
of the dark minerals, biotite, hornblende, 
hedenbergite, and aegirine, supports this view; 
they all have high refractive indices, therefore 
are rich in iron and represent the low-melting 
members of their respective isomorphous series. 

Mechanism of intrusion.—The field relations 
and structures of these Younger Intrusives 
afford equally good proof of magmatic origin. 
The primary gneissic banding near the contact 
at Mbar (DRE II) and elsewhere, and the 
trachytic flow structures in the riebeckite 
granite of the central Kigom Hills imply a 
granite melt. On the map, the most striking 
feature of the bodies is their discordance with 
the structures of the metamorphic rocks and 
complete independence of the older lithology. 
Contacts are typically of knife-edge sharpness, 
and assimilation or soaking of the wall rocks is 
local and restricted. Contacts locally show 
marginal chilling, they are economical of length, 
and although not straight or regular they do not 
become intricate in pattern. All these points 
argue against the formation of the Younger 
Intrusives in place by granitization, assimila- 
tion, melting of wall rock, or similar mecha- 
nisms. It is evident that the pre-existing rocks 
were disposed of in some mechanical fashion to 
accommodate a fluid magma arriving from 
depth. 

We may dispose of the idea that the Younger 
Intrusives thrust the older rocks aside, because 
the regional structure of the older rocks is un- 
disturbed. The intrusions of simple equidi- 
mensional convex outline afford few clues to the 
manner of emplacement, but in the Ropp Hills, 
and to a lesser extent in the northern Sha Hills, 
the intrusive process is arrested at an intermedi- 
ate stage. South of Monguna Arna (DRE II), 
an irregular area of older rocks interrupts the 
smooth outline of the Sha Granite. Two arms of 
granite reach out from opposite sides to cut off 
this area, separated by only 1500 feet. Junction 
of these two arms would have isolated the block 
of older rocks, in the plane of the map at least, 
and, if the block had then sunk in the magma, 
the Sha Granite would have presented an even 


front. On the extreme northern front of the Sha 
Hills, the same process is seen in an incipient 
stage. Younger Granite dikes, some half a 
mile and one a mile away from the hills, occupy 
steep fractures concentric with the main in- 
trusion. These too, if successfully prolonged, 
could have effected stoping of large blocks of 
country rock. The rarity of small inclusions in 
both granite and granite porphyry is an argu- 
ment against piecemeal stoping. 

Granted the validity of this process of large- 
scale stoping, the mechanism by which the 
peripheral arms or offshoots are formed requires 
explanation. This could be either by piecemeal 
stoping along a zone of weakness, a potential 
tension fracture, or by actual formation of a 
through-going tension fracture due to gravity, 
in the rocks above the magma chamber. The 
latter theory presupposes that the main in- 
trusion enlarges downwards and its contacts 
dip outwards. In the few places where the con- 
tact of the granite was observed in the field, 
it did in fact dip outward at a steep angle. The 
great Sho apophysis of granite porphyry on the 
west side of the Ropp Hills provides the best 
example of the arcuate type of tension fracture. 
Precise dips could not be obtained on this 
apophysis, but it does not depart very far from 
the vertical and suffers no deviation by topog- 
raphy. Throughout its 10-mile length, this 
dike pinches and swells, but its margins remain 
fairly smooth curves. It seems most unlikely 
that a body of such regularity could have made 
room for itself by piecemeal stoping; the most 
plausible conception is that the inner block sub- 
sided. The Sho apophysis as mapped is ter- 
minated on the northeast not by outcrops of 
gneiss but by the lack of outcrops of Younger 
Granite Porphyry. It is quite possible, there- 
fore, that the arcuate fracture continues as a 
shatter belt or faulted zone to join the Ropp 
Granite south of N’ding. The formation of 
tension fractures roughly concentric to the main 
intrusion has been duplicated in the laboratory 
by Chamberlin and Link (1927). Looked at asa 
whole, the entire Ropp Granite from Nafam in 
the north to Mbar in the south is of arcuate 
pattern, though irregular in detail, and may 
have been guided by the above processes. From 
this viewpoint, the Nafam apophyses are not 
radial offshoots, but continuations of the large- 
scale arcuate pattern. 
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The finger-like offshoots which stem from the 
south end of Balfour Hill (DRE II) are more 
definitely radial. Fractures of this kind were 
produced in the experiments of Chamberlin and 
Link by upward pressure of the intrusive. In 
some of these dikes, the rock is an even-grained 
granite, in others a granite porphyry. Although 
there is a general correlation of porphyritic tex- 
ture with the thinner dikes, due to the faster 
rate of cooling, this relation is by no means con- 
sistent. 

It is concluded that the Younger Intrusives 
of the mapped area emplaced themselves by 
the large-scale stoping of blocks of country rock 
set free by concentric arcuate tension fractures. 


YOuNGER INTRUSIVE SERIES IN OTHER AREAS 
Introduction 


The mapped area is situated a little south of 
the center of a cluster of Younger Intrusive 
complexes which is bounded by the Cretaceous 
sediments of the Benue Valley on the south and 
the Tertiary deposits of the Chad basin in the 
north (Pl. 3). In the northern complexes, rhyo- 
lites play an important part and the rock types 
are more diverse, with numerous occurrences 
of more mafic members of the Younger Intru- 
sives. In general, the order of formation has 
been 

1. Syenites, monzonites, and more mafic 
rocks, 

2. Rhyolite and quartz porphyry sheets, 

3. Riebeckite and biotite granite, 
although in some places felsic porphyries may 
have followed after the emplacement of granite. 
As one goes north, riebeckite granites become 
more abundant in proportion to biotite and 
thyolite becomes more extensive. Only two of 
the complexes have been studied in detail, the 
Kudaru Hills and the Liruein Kano Hills. Both 
areas afford excellent examples of ring-struc- 
tures, and it is believed that other complexes 
will prove to have the same form. 

Scattered occurrences of alkalic intrusives 
very similar to the Younger Intrusive Series 
of Nigeria occur along the southern edge of 
the Sahara, in French Niger, and in certain 
localities are overlain by Cretaceous beds as in 
Nigeria (Garde, 1911). 
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The field data in this chapter are entirely 
drawn from previous publications. 


Kudaru Hills 


The Kudaru Hills (Bain, 1934) form an oval 
area of about 65 square miles (Fig. 3), bordered 
on the north and east sides by a high curved 
ridge of quartz-fayalite porphyry, which js 
separated from the central rocky plateau of 
granite by a crescentic plain underlain by the 
gneissic complex. The order of intrusion of the 
younger rocks was as follows: 

1. Quartz-fayalite porphyry, 

2. Early minor porphyries, 

3. Riebeckite and biotite granite, 

4. Late minor porphyries. 

The oval shape of the whole group is repeated 
internally by the concentric patterns of its 
various units. On the basis of local observations 
of contacts, Bain postulates that the various 
annular intrusions dip inward and are of the 
cone-sheet structure. However, the quartz-faya- 
lite porphyry is of exceptional size and thickness 
compared to the typical cone-sheets of the Mull 
type (Bailey and Anderson, 1924). It appears, 
to the present author and others, more probable 
that the outer porphyry is of the ring-dike 
type. 


Liruein Kano Hills 


The Liruein Kano Hills (or Liruei Hills) 
form an oval of comparable size and shape to 
the Kudaru Hills, which lie only 20 miles to 
the south-west. They differ from the Kudaru 
Hills in topography, in that a massive ring of 
rhyolite and granite porphyry hills directly 
surrounds a central depression underlain by 
granites (Fig. 4). The area was mapped by 
Jacobson (1947). The present author visited 
the area with Dr. Jacobson and saw many of 
the rock types. In contrast to Kudaru, the 
Liruei Hills are rich in ore minerals, a fact to 
be correlated with the preponderance of biotite 
granite over riebeckite, as in other areas of 
Younger Intrusives. 

Dr. Jacobson’s work on Liruein Kano is now 
in process of publication, but the map is it 
cluded here (Fig. 4), with Dr. Jacobson’s pet 
mission, for purposes of comparison with Kv 
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Ficure 4. GEroLoGy OF THE LiRUEIN KANO HILLs 
(From R. R. E. Jacobson, 1947) 


rhyolite is extrusive in origin (Jacobson, per- Other Areas in Nigeria 
sonal communication). It is characterized by Northern Plateau—North of the portion 
auto-brecciation on a grand scale. the Plateau mapped by the author is an arta 
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of comparable size, largely made up of Younger 
Intrusives (Falconer, 1921). It includes the 
main body of the Bukuru Hills around Jos, 
and the Jarawa Hills directly east of them. 
These are composed almost entirely of biotite 
granite and granite porphyry, with only small 
patches of riebeckite types. The two groups of 
hills are joined by a number of bars or links of 
granite and granite porphyry across an inter- 
vening area of gneiss. These bars illustrate the 
manner in which the main granite masses em- 
placed themselves. The combination of con- 
centric apophyses and transverse bars cuts the 
gneissic area into blocks 2 or 3 miles in diam- 
eter, and these blocks were then susceptible 
to large-scale stoping and submersion in the 
granite magma. 

The Buji Hills, including also the Amo Hills, 
are mainly biotite Younger Granite, but on the 
northeast front the riebeckite phase is ex- 
tensively developed in its various textures, and 
beyond this is an area of rhyolites, which show 
definite intrusive relations with the gneisses. 

Northern Bauchi—The northern complexes of 
Younger Intrusives in Bauchi were mapped in 
outline and described by Falconer and Rae- 
burn (1923). The abundance of arcuate forms 
and other peculiar outlines shown on the recon- 
naissance maps, together with the occasional 
presence of more calcic members of the Younger 
Intrusive Series, suggest that much interesting 
geology here awaits elucidation (Pl. 3). 

The Kofayi Hills are a small oval group of 
about 4 square miles. The bulk of the central 
area consists of olivine gabbro, cut by dikes of 
syenite and hornblende granite, and surrounded 
on the west, north, and east by a broken ring 
of diorite, monzonite, and syenite. Two mar- 
ginal crescent-shaped areas are made up of 
biotite granite. The order of intrusion follows 
a regular sequence from mafic to felsic, with 
extensive development of intrusion breccias. 
This small area appears to contain a greater 
range of rock types than any of the other com- 
plexes of the Younger Intrusive Series. 

The Kwandonkaya Hills consist of a mass of 
biotite granite with a few arcuate apophyses of 
granite porphyry and rhyolite. 

The Jere Hills are mainly biotite granite, but 
on their northern flank is a body of syenite 
and syenite porphyry about 2 miles wide, in- 


truded by the granite but evidently closely 
related. 

The Shokobo Hills are almost entirely com- 
posed of intrusive rhyolites, which occur in 
gently dipping sheets, as judged from the at- 
titude of the flow banding. On the margins of 
the group, the sheets are locally separated by 
narrow belts of the gneissic complex, and there 
has been some development of intrusion brec- 
cias. The rhyolites are younger than the sye- 
nites of the area, but older than the granite. 

The Tongolo Hills are formed of biotite and 
riebeckite granites, chiefly notable for the radial 
offshoots of granite porphyry on the south. On 
the east and west are other large dikes of con- 
centric pattern at right angles to the radial 
members. 

The Rishi Hills immediately northwest of 
the Tongolo group consist of intrusive rhyolites 
with a core of later biotite granite. Two features 
of interest are the crescentic horn of rhyolites 
nearly 4 miles long on the north side, proving 
that rhyolite also intrudes along arcuate frac- 
tures, and the presence of an augite biotite 
diorite, brecciated and intruded by mafic gran- 
ite, in the southwest part of the hills. 

The Zuku Hills have syenite and granite in 
equal proportions in the north-west half, and 
the oval form is completed on the southeast 
by a smooth loop of granite, enclosing an area 
of gneiss. The syenites contain phenyocrysts 
of orthoclase and pyroxene; they are pierced 
by many small dikes of riebeckite rhyolite, 
which also intrude the gneisses. The granite 
consists of both biotite and riebeckite-aergizine 


types. 

The Tibchi and Yeli Hills are of very irregu- 
lar outline. A central mass of biotite granite is 
bordered on the east and west by early in- 
trusive rhyolites, which project as sheets and 
dikes into the surrounding gneisses. A striking 
feature is the curved offshoot of rhyolite on 
the western side, 5 miles long and concentric 
with the main mass of the complex. 

The Burra-Ningi Hills form a large rectangu- 
lar highland area, the greater part of which 
consists of intrusive rhyolites in parallel sheets, 
many containing riebeckite or aegirine. Flow- 
banding is common, and many have all the 
appearances of an extrusive rock. Intrusive re- 
lations are claimed, however, for at least part 
of the rhyolites. 
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The more mafic rocks are pyroxene-horn- 
blende monzonites with a little interstitial 
quartz. They are older than either rhyolite or 
granite. Where the contacts are visible, granite 
dips gently outward under the rhyolite sheel. 
Just south of the hills, in the gneisses, a dike of 
intrusive rhyolite forms a perfect horseshoe 5 
miles in diameter. 

The Fagam Hills to the east, extending into 
Kano Province, are made up of riebeckite 
granite with a shell of rhyolites around the 
southwest end. The rhyolite is unusually fine- 
grained; flow structures and breccias are well 
developed. 

The Wurji Hills are largely composed of the 
less silicic members of the Younger Intrusive 
Series, syenite and quartz monzonite. Three de- 
tached areas of riebeckite granite intrude the 
monzonite, the middle one surrounded by a 
shell of early rhyolite. On the east, the rhyolites 
intrude the monzonites as a series of closely 
spaced parallel sheets. 

Kagoro, South Mada, and Nok—To the south- 
west of the present author’s area, extending 
down into Benue Province, the representatives 
of the Younger Intrusive Series are less com- 
plex in petrology and structure (Raeburn, 1924). 
They have never been studied in detail. 

The Kagoro Hills, an outlying erosion residual 
of the Plateau surface, are believed to consist 
entirely of coarse biotite granite with few tex- 
tural variations. 

The South Mada Hills, little known, are made 
up of biotite granite with marginal areas of 
granite porphyry. The stumpy offshoots on east 
and west consist mainly of granite porphyry. 

The Nok Granite is an intrusion of less than 5 
square miles, all biotite granite. 

Southern Sha Hills—The Sha Hills, at the 
southwestern corner of the Plateau (Falconer 
et al., 1926), include the dissected country ap- 
proaching the southern edge of the Plateau, 
the home of many primitive and little-known 
Pagan tribes. 

The Sha Granite forms an upland area of 
considerable relief, in part littered with massive 
boulders. The granite is mainly the biotite type, 
with hornblende in some localities. On its south- 
eastern margin, there are several offshoots of 
granite and granite porphyry. One of these 
forms a great loop 15 miles long, running paral- 
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lel to the main granite for most of its course at 
a distance of 1 or 2 miles. The dike itself is Jess 
than a quarter of a mile thick, and midway js 
joined to the granite by another thin bar of 
porphyry. It provides yet another illustration 
of the manner in which the granite extends it. 
self by peripheral arcuate fractures, and pre- 
pares blocks of country rock for large-scale 
stoping. 

In the center of the Sha Hills is an area of 
early rhyolites. An outcrop of gabbro of com- 
parable size, a coarse augite-labradorite rock 
without olivine, flanks the southern edge of the 
hills. Its contacts are not observed due to the 
cover of talus from the Plateau scarp behind it. 
The gneisses on the southeast edge of the Sha 
Hills are much intruded by sheets of dolerite 
and fine-grained gabbro. These are the only 
recorded occurrences of the mafic members of 
the Younger Intrusive Series in the southem 
complexes, apart from the micro-gabbro dikes 
of the author’s area. 

Zaria and Kano Provinces.—The Younger 
Intrusive complexes of the northwest, in Zaria 
and Kano provinces, were outlined by Rae. 
burn, Bain, and Russ (1927). The two main 
areas, the Kudaru and Liruein Kano Hill, 
have already been mentioned. 

The Kerku Hills, the most southerly of the 
group, consist about equally of riebeckite gran- 
ite and a brown syenite containing hornblende 
and soda augite. 

The Rishua Hills are mainly composed of 
riebeckite and biotite granites, uniform except 
in the northeast, where in the neighborhood of 
some deeply scalloped bays and intervening 
apophyses porphyritic and drusy textures are 
developed. On the west side are small areas of 
gabbro intruded and brecciated by granite. 
Out in the Older Granites, small Younger 
Granite pegmatites are found, some with rie- 
beckite. This is the only important occurrence 
of Younger Intrusive pegmatites outside their 
parent rocks. They are not mineralized. 

The Banke Hills, north of Kudaru, consist of 
a hilly area of rhyolites with a triangular body 
of biotite granite on its south side. Both granite 
and rhyolite are remarkably uniform and mas 
sive. Contact relations are not readily interpit 
ted, but in some localities it can be proved tht 
the granite is the later intrusion. Mineralia- 
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YOUNGER INTRUSIVE SERIES IN OTHER AREAS 


tion is focused in a few rich spots; for example, 
a tin-bearing greisen which yielded some out- 
standing specimens of cassiterite in 1945, and 
led to substantial expenditure of mining capital 
before its limited size was appreciated. 


French Niger 


In the French Niger Colony (Fig. 1), which 
bounds Nigeria on the north, rocks very similar 
to the Younger Intrusive Series of Nigeria oc- 
cur as small, widely separated groups of bare 
hills standing out from the plains of the southern 
Sahara. Studies of these rocks have been largely 
confined to mineralogical observations. In Niger 
Colony, they are observed to intrude a complex 
of schists, gneisses, and “Older Granites” com- 
parable to the basement rocks of Nigeria. 

Lacroix (1905) has described alkalic micro- 
granites from Gouri, 100 km. east of Zinder 
(Fig. 1), some containing abundant crystals of 
aegirine and hastingsite amphibole. Other out- 
crops of aegirine granite are found 600 km. 
further north, at Air. Gentil (1904) describes 
a thyolite with aegirine and soda amphibole 
from a river south of Lake Chad, but it is not 
dear whether this is an intrusive or extrusive 
rock. 

A more complete description of the alkalic 
granites of Zinder and the country immediately 
to the east, Mounio and Gamedou, is given by 
Garde (1911). One granite mass at Zinder, 20 
by 10 km., partly coarse-grained and partly 
micro-granite, consists of quartz, perthite, al- 
bite, aegirine, and a soda amphibole. At 
Mounio, an area 30 by 50 km. is mainly micro- 
granite, with some coarse granite and some 
thyolite. The granites are medium-grained, con- 
sisting of micro-perthite and quartz, with bio- 
tite, riebeckite, aegirine, and fluorite, with 
drusy pegmatitic streaks and miarolitic cavities. 

These occurrences so closely resemble the 
Younger Intrusive Series of Nigeria that they 
may be considered related and contemporane- 
ous. At Zinder, the riebeckite granite is over- 
lain by Upper Cretaceous beds, as in the Afo 
Hills of Nigeria (Pl. 3), and there are scattered 
outcrops of marine Cretaceous beds up to the 
south flank of Air, though actual contacts with 
the granite are not observed. There seems to be 
no evidence for a lower limit to the age of these 
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rocks. According to Sandford (1937), fossilif- 
erous early Paleozoic and Devonian beds are 
known in the Western Sahara, but not in the 
vicinity of the alkalic granites. If the granites 
are confined to belts of orogeny and intense 
regional metamorphism, this is perhaps to be 
expected. At Uweinat in southeast Libya (Fig. 
1), aegirine granite appears again, but not in 
contact with the Paleozoic sandstone there. An 
extensive rhyolite at Uweinat, however, is over- 
lain by plant-bearing Carboniferous beds (Sand- 
ford, 1935). This hint of a mid-Paleozoic age is 
apparently the only evidence available for the 
age of the alkalic granites of the western and 
central Sahara, and the great distance separat- 
ing them from Nigeria makes correlation even 
more uncertain. 


ALKALIC Rocks oF NEw ENGLAND 


Introduction 


In New England and southern Quebec, a 
great variety of plutonic rocks invade a sedi- 
mentary and meta-volcanic series ranging from 
Ordovician (?) to middle Devonian. The sedi- 


‘ments were strongly folded and regionally meta- 


morphosed during the Acadian disturbance in 
the middle Devonian (Billings, 1945). Plutonic 
rocks preceding and accompanying the orogeny 
include the Highlandcroft, Oliverian, and New 
Hampshire groups, each of which is designated 
a “magma series” by Billings, since in his 
opinion they are of igneous origin. They range in 
composition from diorite to granite, with a 
majority of granodiorite types. 

Following the Acadian orogeny, rocks known 
as the White Mountain Magma Series intruded 
north-central New England. An upper limit to 
the age of this group is set by the presence of 
boulders of alkalic granite porphyry in Penn- 
sylvanian sediments of eastern Massachusetts 
(Loughlin, 1911). This granite porphyry is be- 
lieved to be closely related to the White Moun- 
tain Magma Series, to which a Mississippian 
age is therefore tentatively assigned. Other 
alkalic intrusives, in Massachusetts and Rhode 
Island, are also probably close relations. The 
Monteregian Hills east of Montreal consist of 
intrusive essexite and syenite, and may be in- 
cluded in the same alkalic province. Many 
regional studies of these rocks have been pub- 
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lished, and the following summary is largely 
taken from the literature. Most of the im- 
portant localities in New Hampshire were vis- 
ited by the present author, and his observations 
are added where pertinent. 


White Mountain Magma Series 


Introduction —The White Mountain Magma 
Series (Pl. 4), which invaded the area after 
the cessation of crustal strain, and is therefore 
post-tectonic, includes a series of closely re- 
lated intrusive rocks and some lavas. (See 
bibliography given by Billings, 1945). Besides 
the areal studies, three general papers deal with 
the White Mountain Magma Series (Chapman 
and Williams, 1935; Billings and Keevil, 1946; 
and Billings, 1945). 

Gabbro, diorite, and monzonite together 
amount to less than 2 per cent of the total 
area, with only a trace of feldspathoidal rocks. 
Syenites and quartz syenites account for 20 per 
cent, and the rest is made up of granites with 
either biotite or alkalic amphiboles. There is an 
abundant and varied sequence of dike rocks, 
many of which have alkalic tendencies. 

Volcanics—Extrusive rocks associated with 
the White Mountain Magma Series are known 
as the Moat volcanics, named from Moat Moun- 
tain in the North Conway quadrangle. Their 
total area in New Hampshire is about 20 square 
miles, though it must originally have been 
much greater. The volcanics are for the most 
part bounded by later intrusives. Rhyolite 
and trachyte flows make up the greater part, 
together with breccias and bedded tuffs. Some 
of the rhyolites closely resemble the fine-grained 
phases of intrusive granite porphyry, and it is 
probable that some are sills rather than flows. 
At the summit of North Moat Mountain, the 
present author observed a rhyolite intrusive into 
overlying brecciated schist. The only other 
rhyolites known to be intrusive occur in the 
Pine Mountain complex (Modell, 1936), a small 
area south of the Belknap Mountains. In the 
Ossipee Mountains, volcanics occupy the 
western half of the area within the peripheral 
ring-dike, dipping towards the center of the 
complex. They include some basalt and andesite 
in addition to rhyolite and breccia. The Moat 
volcanics are older than the granites of the 
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White Mountain Magma Series, but their re. 
lation to the more mafic members is unknown, 
Feldspathoidal rocks —The total area of felds. 
pathoida] rocks in the White Mountain Magma 
Series is very small, and they appear to be 
products of local differentiation in the smallest 
complexes. There is a body of analcite syenite 
at Pleasant Mountain (Jenks, 1934), one of 
nepheline syenite at Red Hill (Quinn, 1937), 
and one of sodalite-nepheline syenite at Cut- 
tingsville, Vermont (Eggleston, 1918). 

Gabbro to syenite—Gabbroic rocks are of 
minor importance in the series, occurring as 
small stocks or plugs which are believed to have 
been forcibly injected. Diorite and monzonite 
are somewhat more common, and in the Bek- 
nap Mountains an area of diorite is brecciated 
and intruded by granite. Syenite makes up 
nearly 10 per cent of the exposures of the series, 
as smal] stocks and arcuate intrusions, such as 
the well-known Cape Horn ring-dike of the 
Percy area, New Hampshire. 

Quartz syenite—Most of the quartz syenite 
is included in a distinctive rock type known as 
the Albany, which in many places approaches 
a granitic composition. Fifteen per cent of’ 
quartz is taken as the division between quartz 
syenite and granite. The Albany is younger 
than the mafic members of the series but older 
than most of the granites. It forms the best 
and largest ring-dikes in New England; the 
one in the Ossipee Mountains makes a complete 
circle. The arcuate intrusion at Mount Megantic 
in southeast Quebec (McGerrigle, 1934) is 
quartz-syenite, probably Albany; another ex- 
ample is the Mount Major ring-dike in the 
Belknap Mountains. All these bodies have 
essentially vertical boundaries. 

The fact that the Moat volcanics occur only 
within ring-dikes of Albany quartz-syenite has 
led to the hypothesis that the cores of the ring- 
dikes have subsided, so that formations are 
preserved therein which elsewhere have been 
removed by erosion. Billings (1945) has sug- 
gested that the ring-dikes emplace themselves 
by piecemeal stoping of a vertical arcuate 
shatter zone, produced by upward pressure of 
magma. 

Granites —Granites of various types make up 
the bulk of the White Mountain Magma Series. 
Biotite granite, known as the Conway, is the 
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ALKALIC ROCKS OF NEW ENGLAND 


most widespread, in stocks of irregular equidi- 
mensional outlines. It consists of perthite and 
quartz, with subordinate albite and biotite, 
and traces of allanite, fluorite, zircon, and apa- 
tite. The main minerals tend to clump together, 
giving a distinctive texture, and in the contact 
phases microgranites and porphyritic types are 
common, together with pegmatitic streaks and 
drusy cavities. Amphibole granites are abun- 
dant; for the most part they contain hasting- 
site, and less commonly riebeckite. Astrophy- 
lite is an accessory of the riebeckite phase, as 
in Nigeria. At Mount Agamenticus in southern 
Maine (Wanke, 1922), syenite containing faya- 
lite is intruded by amphibole-aegirine granite 
with a central core of biotite granite. All the 
granites appear to be essentially contemporane- 
ous, although the biotite type may be slightly 
younger. 

The scarcity of inclusions in the granites and 
the typically convex scalloped outlines of the 
bodies suggest emplacement by the stoping of 
large blocks, or by cauldron subsidence. 

Evolution of the series—The variations in 
composition exhibited by the minerals of the 
various phases of the White Mountain Magma 
Series are of great interest (Chapman and 
Williams, 1935). Feldspars follow the expected 
trend in which calcic feldspars characterize 
the earlier, more mafic phases and alkalic 
feldspars the later, more siliceous rocks. In the 
ferro-magnesian minerals, biotite, amphibole, 
pyroxene, and olivine, the iron-magnesia ratio 
shows a pronounced and steady increase to- 
wards the younger and more siliceous end of 
the series, likewise to be correlated with the 
lower melting points of ferrous silicates rela- 
tive to their magnesian counterparts. Quartz 
does not become important until the quartz 
syenite stage of the intrusive sequence. Chap- 
man and Williams attempt to establish a causal 
relation between it and the simultaneous ap- 
pearance of silica-deficient dark minerals such 
as biotite, fayalite, and hastingsite. The total 
content of dark minerals is low compared to 
quartz, however, and the amount of silica 
theoretically released by their formation is 
even lower; in this author’s opinion such a re- 
lation cannot be important without a supple- 
mentary mechanism for concentration of the 
quartz. 
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The compositional variation in the feldspars 
and dark minerals strongly suggests an origin 
by magmatic differentiation, by the well-known 
mechanism of settling of early formed crystals. 
Chapman and Williams, however, find such 
differentiation quantitatively inadequate to ex- 
plain the great preponderance of granitic types 
in the complexes, since theoretically only a few 
per cent of granitic residuum become available 
by the fractionation of gabbroic magma. On 
the other hand, the sharp and discordant 
contacts of the units of the White Mountain 
Magma Series with the older rocks and with 
each other show that nosuch processes as melt- 
ing, assimilation, or differentiation in place 
have played a significant part. The wall rocks 
stoped out by the invading magma, equivalent 
in volume to all the White Mountain intrusives, 
must have eventually sunk to a depth where 
their incorporation in the magma became possi- 
ble; Chapman and Williams suggest that such 
abyssal assimilation, combined with differen- 
tiation by crystal settling, is competent to ex- 
plain the observed sequence of rock types. 


Alkalic Rocks of Massachusetts 
and Rhode Island 


A number of areas of alkalic granite and 
porphyry in Massachusetts and Rhode Island 
(Pl. 4) are closely allied to the White Mountain 
Magma Series, and are believed to be of com- 
parable age. They consist mainly of sodic 
granites and microgranites, together with “fel- 
sites”, which probably include rhyolitic lavas. 
Riebeckite granites occur in the Blue Hills 
south of Boston (Warren, 1913) and Cumber- 
land, Rhode Island (Warren and Powers, 1914). 
A supposedly laccolithic complex of alkalic 
microgranites at East Greenwich, Rhode Is- 
land, (Emerson and Perry, 1907) marks the 
southernmost occurrence of the alkalic rocks. 
The batholith of Cape Ann, Massachusetts 
(Clapp, 1921), which covers 110 square miles, 
consists mainly of the alkalic Quincy granite, 
with small areas of syenite. 


The Monteregian Hills 


In southern Quebec, over a distance of 50 
miles, eight bodies of alkalic rocks, chiefly 
essexite, syenite, and nepheline syenite, in- 
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trude the Paleozoic sediments east of Montreal, 
and form the Monteregian Hills. They were 
described by Dresser (1906) and others, but 
have never been mapped in detail. Very little 
is known of the structure of the intrusives, 
though the term laccolith has been applied to 
some, and Mount Johnson and Mount Royal 
appear to be plugs or volcanic necks. Desilica- 
tion of the magma on passing through the 
Trenton limestone has been advanced as an 
explanation for the nepheline syenites. A vol- 
canic breccia near Mount Royal includes blocks 
of Devonian formations, and it is therefore 
probable that these intrusives are of comparable 
age to the White Mountain Magma Series. 


YOUNGER INTRUSIVE SERIES OF NIGERIA AND 
Tue ALKALIC Rocks oF NEw 
ENGLAND COMPARED 


Older Rocks in Nigeria and New Hampshire 


In both areas, the basement is composed of 
folded and regionally metamorphosed sedi- 
ments, now schists and gneisses, with some 
lime-silicate beds representing altered lime- 
stones, and occasionally beds of amphibolite. 
In New Hampshire, the amphibolites are 
thicker and more important than in the part 
of Nigeria familiar to the author. They form 
part of the Ammonusuc volcanics. In both 
areas these metamorphosed rocks are invaded 
(to use the word in its most general sense) by 
elongate and roughly concordant masses of 
granodiorite and quartz diorite, the “Older 
Granites”. These Older Granites are crudely 
foliated and are believed to have preceded or 
accompanied the regional deformation and 
metamorphism. The different types are in gen- 
eral confined by stratigraphic limits; in the 
one Nigerian example studied by the author, 
the granodiorite occupies the core of an anti- 
clinal structure, as do its Oliverian counterparts 
in New Hampshire. The two groups of Older 
Granites are likewise characterized by lit-par- 
lit contact zones, lack of chilled phases, local 
presence of big feldspars, profusion of small 
pegmatites and aplites, and abundance of mus- 
covite and tourmaline. The possibility that they 
are metasomatic rather than magmatic invites 
consideration. 
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Petrology of the Post-tectonic rocks 


The rocks of the Younger Intrusive sequence 
in Nigeria and those of the White Mountain 
Magma Series display a remarkable similarity 
in mineralogy and texture, though the relative 
proportions are somewhat different (Table 2), 
In both areas, the amount of gabbro is small 
and forms only a few minor stocks or plugs. 
The intermediate rocks in New Hampshire, 
such as monzonite, syenite, and hastingsite- 
quartz syenite, are more extensive than their 
Nigerian counterparts (which in Plate 3 are 
classed together with the mafic members). 
The author is not familiar with them in Nigeria, 

The Albany quartz syenite, so important in 
the ring structures of New Hampshire, has its 
analogues in the quartz-fayalite feldspar por- 
phyry of Kudaru and the granite porphyry of 
Liruein Kano, both ring-dikes surrounding a 
central stock of later granite. The granite 
porphyry of the Sho apophysis (Pl. 1) is very 
similar to the Albany in appearance, and con- 
tains green amphibole of high refractive index 
which may well be hastingsite. Phenocrysts of 
perthite and corroded bipyramids of quartz, as 
well as the accessories hedenbergite, allanite, 
apatite, and fluorite, are common to these 
rocks. The compositions are not so different as 
the nomenclature might imply, for the Albany 
in many places approaches a granite, and the 
Nigerian granite porphyries have a ground- 
mass too fine for quantitative estimation of 


quartz. Fayalite was not found in the author’s § 


area, but it occurs at Kudaru and Liruein 
Kano. In New Hampshire, many of the hasting- 
site granites and syenites contain about 1 per 
cent of fayalite. 

No feldspathoidal rocks have been found in 
Nigeria to parallel those of Pleasant Mountain 
and Red Hill in New England. The relative 
scarcity of intermediate rocks in Nigeria is com- 
pensated by the great preponderance of rie- 
beckite and biotite granites, which occur as 
stocks and batholiths far exceeding in area all 


the other members of the complexes combined. [ 


The mineral compositions are very similar in 
both areas, even to such details as the abun- 
dance of fluorite and the presence of astrophyl- 
lite in the riebeckite phase. The iron-rich bio- 
tites of Nigeria, of such high index that they 
are believed to contain ferric iron, are matched 
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YOUNGER INTRUSIVE AND ALKALIC ROCKS COMPARED 


by similar biotites from the White Mountain 
batholith (D.M. Henderson, personal communi- 
cation). Texturally the granites resemble each 
other in the tendency of their major constit- 
yents to clump, and in the development of 
heterogeneous microgranite border phases with 
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miles in maximum dimension, and on the north 
and south possible extensions are hidden by a 
cover of younger sediments. If the aegirine 
granites of Zinder and Air (Fig. 1) are considered 
part of the same sequence, the limits of the com- 
plex are extended another 600 miles to the 


TABLE 2.—COMPARISON OF INTRUSIVE SEQUENCES 


Nigeria 


New England 


Mode of occurrence 


Biotite and riebeckite gran- 
ites 

Granite porphyry 

Rhyolite and quartz-por- 
phyry. Mainly as instru- 
sive sheets 

Syenite and monzonite 


Gabbro and diorite 


Biotite, hastingsite, and rie- 


beckite granites 
Quartz syenite 
Rhyolite and quartz-por- 
phyry. Mainly as surface 
flows 
Syenite and  monzonite, 
minor feldspathoid rocks 
Gabbro and diorite 


Large stocks and batholiths 
Ring-dikes 

Lavas and intrusive sheets 
Small stocks 


Few minor stocks and plugs 


streaks and knots of drusy pegmatite. Mus- 
covite and tourmaline are both absent, and true 
pegmatites in the country rock are very rare. In 
very few areas in Nigeria have the dark minerals 
of the Younger Intrusives received detaile 
study, but the data available indicate the same 
degree of enrichment of iron relative to mag- 
nesia towards the granitic end as has been 
found in the White Mountain Magma Series. 

The extensive tin mineralization associated 
with the biotite Younger Granite is lacking in 
New Hampshire, but this is a natural result 
of the scarcity of tin throughout North America. 
It is noteworthy that the only significant oc- 
currence of tin in the northeastern United 
States, at Jackson in the North Conway area 
(Jackson, 1843), is closely associated with the 
White Mountain Magma Series, and is ac- 
companied by sulphides in the manner of the 
Nigerian mineralization. It is possible that, if 
glaciation had not diminished the chances for 
alluvial concentration, more tin might be found 
in New Hampshire. 

Both magma series show progressive differ- 
entiation in their successively younger phases, 
in bulk composition as well as in the composi- 
tion of the individual minerals; on the average 
the Nigerian types are richer in quartz. 


Structure of the Post-tectonic Rocks 


The Younger Intrusive complexes of Nigeria 
are distributed over a rhomb-shaped area 270 


north. The White Mountain Magma Series, if 
taken to include the alkalic granites of eastern 
Massachusetts and the Monteregian Hills in 
Quebec, extends over some 250 miles, although 
the great majority of the bodies are concen- 
trated in the central area, in New Hampshire. 
The individual complexes are of comparable 
size in the two areas, the Nigerian examples 
being somewhat larger (Pls. 3, 4). In almost 
all cases contacts are sharp, and the various 
phases are undeniably of magmatic character, 
so that the pre-existing rocks must have been 
disposed of in some mechanical fashion. 

In both areas it is found that the best ring 
structures are developed not in the largest 
stocks and batholiths, but in complexes of 
intermediate size, about 10 miles across, such 
as Kudaru, Liruein Kano, Zuku, and Kofayi, 
in Nigeria, and in New Hampshire the Bel- 
knaps and Ossipees. In these areas also the 
greatest range in rock types appears, with fre- 
quent occurrence of the more mafic members. 
The ring dikes which fringe these complexes are 
in general 1000 to 2000 feet thick and dip very 
steeply, although in most cases the evidence is 
insufficient to show whether the dip is inward 
or outward. As pointed out by Billings (1945), 
a truly vertical fracture cannot accommodate 
a ring-dike without stoping, and the abundance 
of inclusions in many of the ring-dikes suggests 
that stoping is at least partially responsible for 
their emplacement, probably facilitated by pre- 
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liminary shattering along the tension fracture. 
Only in the Kudaru Hills is there evidence of 
arcuate intrusions which dip consistently in- 
ward, the minor porphyries, and Bain considers 
these to be cone-sheets which were accommo- 
dated by pushing up the overlying rocks. 

The various explanations of cone sheets and 
ring dikes have appeared in numerous publica- 
tions and have become generally accepted. 
(See Richey, 1932; Billings, 1945). 

The chief new structural information obtained 
from the Nigerian area, by the present author, 
does not relate to the true ring-dikes but to the 
method of intrusion and emplacement of the 
later granitic stocks. In New Hampshire and 
Nigeria, these are of roughly equidimensional 
shape with a scalloped outline, suggesting co- 
alescence of a number of smaller stocks. This 
shape, together with the scarcity of small in- 
clusions, indicates their emplacement by large- 
scale stoping or cauldron subsidence. (A not- 
able exception is the ability of granite to invade 
and brecciate masses of more mafic rock, as in 
in the Rishi and Kofayi Hills of Nigeria and 
the Belknap Mountains of New Hampshire.) 
Only in Nigeria, however, can the process of 
intrusion be traced on a large scale in the field. 
By a system of concentric loops and radial 
apophyses or crossbars, the granite isolates 
large blocks of wall rock several square miles in 
extent. This process is illustrated in the Ropp 
Hills by the great Sho apophysis, the Nafam 
offshoots, and the apophyses of Balfour Hill, 
and in the Sha Hills by the arms and concentric 
dikes south and west of Monguna Arna (PI. 1). 
Farther south, the loop of granite prophyry on 
the east side of the Sha Hills affords another 
example, and to the north off-shoots of the 
Jarawa and Bukuru Hills had almost succeeded 
in carving up the strip of gneiss which separates 
them when consolidation put an end to the in- 
trusive process (Pl. 3). Fractures concentric 
with a stock-like magma chamber are in a 
different category from the truly annular ring- 
dike, for the block which they release is un- 
supported on its inner and lower side, and is 
free to sag towards the magma in that direc- 
tion. A kind of permissive intrusion is thus de- 
veloped, and narrow arcuate bodies can form 
without stoping their way in. Such arcuate 
tension fractures have been reproduced in the 
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laboratory (Chamberlin and Link, 1927), Ip. 
crease in pressure and upward punching of the 
magma may explain radiating groups of dikes 
such as that shown south of the Tongolo Hills 
(Pl. 3). Within the mapped area, no evidence 
is available on the dips of the granite off-shoots, 
beyond the fact that they appear to be steep, 

The rhyolites are very important in the 
Nigerian complexes, particularly in the north. 
They occur typically as a sheeted shell or roof 
about the granite, individual sheets dipping 
outward. In the true ring-dike complexes of 
Kudaru and Liruein Kano, the rhyolites are 
not found beyond the confines of the ring-dike, 
but elsewhere there is field evidence that they 
intrude the gneisses and also the intermediate 
members of the Younger Intrusive Series as a 
multitude of closely spaced parallel sheets, 
Where these sheets approach each other to the 
complete exclusion of the older rocks, the 
rhyolites have all the appearances of a thick 
section of lavas. Flow-banding, spherulites, and 
intrusion breccias are extensively developed. 
On a large scale the intrusive nature of thes 
rhyolites is demonstrated by their presence as 
arcuate bodies in the gneisses, like the great 
horns which project from the Rishi, Tibchi, 
and Yeli hills, and the isolated horseshoe dike 
shown south of the Burra-Ningi Hills (Pl. 3). 
In general, the Younger Granite intrudes the 
sheeted rhyolites, but in the Buji Hills the re 
verse relation has been observed, and Bain con- 
siders some of the rhyolites of Kudaru to be 
later than the granite. 

The problem of relating the rhyolites of Ni 
geria to the Moat volcanics is an important 
one, and the solution must rest on structure and 
field relations. It may be noted here that the 
petrography is in general similar, consisting 0 
rhyolite with or without quartz and feldspar 
phrnocrysts, and that flow banding and breccia- 
tion are common features of both areas. Recent 
work in Nigeria, on a granite porphyry ring 
dike north of Jos, suggests that some rhyolites 
within the ring-dike are of extrusive origi 
(R. A. Mackay, personal communication) and 
the mapping at Liruein Kano has led to a sim 
lar conclusion (Jacobson, personal communi: 
tion). If this is the case, the analogy with the 
dropped blocks of Moat volcanics is complete 
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YOUNGER INTRUSIVE AND ALKALIC ROCKS COMPARED 


Conclusions 


From the many common geological features 
of the Younger Intrusives of Nigeria and the 
White Mountain Magma Series, it is possible 
to draw certain conclusions of general signifi- 
cance. In both cases, the alkalic intrusives were 
preceded by regional metamorphism and orog- 
eny, and related to them the formation of 
concordant bodies of foliated granodiorite and 
two-mica granite which suggest a possible meta- 
somatic origin. In New Hampshire, the main 
orogeny took place in the Devonian; although 
there is no direct evidence on the age of the 
folding in Nigeria, it is perhaps significant that 
the only major post-Cambrian orogeny in the 
Belgian Congo, the Kundelungan, has also been 
assigned to the Devonian period (Robert, 1946). 

The time interval between the orogeny and 
the emplacement of the alkalic rocks is un- 
known, but may well have been short. The 
alkalic rocks, which are undoubtedly mag- 
matic, in both areas approached fairly close to 
the surface. Since the crustal rocks were no 
longer under orogenic compression, the magma 
was able to take advantage of potential ten- 
sion fractures in its roof, and the large blecks 
bounded by such fractures were stoped down- 
ward and displaced by igneous material. The 
diorites and other mafic rocks are of small 
areal extent, and little is known about their 
method of intrusion. The first important struc- 
tural evidence in the intrusive sequence is pro- 
vided by the Nigerian rhyolite intrusive sheets, 
most of which dip at low or moderate angles 
and presumably occupy fractures developed 
above the magma which did not reach the sur- 
face of the earth. At the same time magma in 
other localities appears to have broken through 
and formed rhyolitic lavas. Somewhat later, 
when extension of the fracture system to the 
surface permitted the development of steeply 
dipping ring fractures, the quartz syenite and 
granite porphyry ring-dikes were emplaced, by 
piecemeal stoping along the fracture zone and 
by subsidence of the inner blocks. Finally the 
granites themselves, coarse-grained and rich 
in mineralizers, intruded the earlier members 
of the sequence by large-scale stoping and the 
development of concentric apophyses, processes 
best illustrated in the Nigerian examples. A 
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similar sequence was envisaged by Chapman 
(1942) for the Pliny Range, New Hampshire. 

In postulating a source for the various mag- 
matic products, it is necessary to keep in mind 
the great preponderance of granitic over gab- 
broic rocks in the complexes, their uniformity 
over large and widely separated areas, and in- 
dependence of the country rock. 

For certain types of igneous complex, Holmes 
(1931) has advocated the mixing of basaltic 
magma with a siliceous palingenetic product, as 
opposed to simple differentiation of basaltic 
magma. Holmes reasoned that, since the tem- 
perature of fusion is lowered by reduced pres- 
sure, basaltic magma on reaching the upper 
levels of the crust will possess sufficient super- 
heat to melt its way upward and become diluted 
by siliceous material. The supply of energy for 
melting is conceived to be maintained by con- 
vection in the basalt magma. One of the diffi- 
culties in Holmes’ idea is the very large heat 
requirement for melting, and the probability 
that convection on a scale adequate for this 
purpose would carry far away all felsic material 
melted. 

The present author suggests that the orogenic 
processes which produced the regional meta- 
morphism and controlled the formation of the 
Older Granites, whatever their ultimate origin, 
increased in efficacy and temperature with 
depth to the extent that the lowermost granitic 
and metamorphic rocks were brought to a 
state of partial palingenesis, or remelting. With 
the release of crustal compression at the end of 
orogeny, it may be imagined that a relatively 
small quantity of gabbroic magma, derived by 
pure melting of the basaltic substratum on re- 
lease of pressure, would move upward and in- 
itiate the post-tectonic intrusive sequence. (The 
rise of heavy gabbroic magma does not follow 
from hydrostatic considerations, but is proved 
in fact by the existence of Plateau Basalts.) 
This rising gabbroic magma would be subject 
to progressive dilution by the partially melted 
granites and metamorphic rocks of the lower 
parts of the crust through which it passed, so 
that in time, as the intrusive sequence continued, 
it would increase in volume many fold by the 
addition of low melting, mainly felsic constit- 
uents. Much of the heat energy may be of radio- 
active origin, supplemented by a relatively 
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small amvunt of superheat of the gabbroic 
magma, as suggested by Holmes. Internal 
friction generated during mechanical deforma- 
tion and plastic flow of the rocks during orog- 
eny contributes more heat energy. 
Simultaneously the processes of differentia- 
tion by crystal settling would operate in such 
a hybrid magma, leading to the mineral evolu- 
tion observed in Nigeria and New Hampshire 
and eventually leaving a large volume of ma- 
terial of the composition of alkalic granite. 
The energy for melting is thus provided in 
depth by the orogeny immediately preceding 
the intrusive sequence, with its concomitant 
rise of geoisotherms, and it is unnecessary to 
postulate assimilation of stoped blocks by the 
magma itself in its upper levels, a task for 
which granitic magmas are notoriously unfitted. 
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ORIGIN OF COMPRESSIONAL MOUNTAINS AND ASSOCIATED 
PHENOMENA 


By Joun Lyon 


ABSTRACT 


Compressional mountains of the Appalachian type reveal a pattern and a cycle of events so consistent as 
to suggest strongly a common genesis. 

The cycle starts with the upwarping of a relatively large area which, if above sea level, is accompanied 
by a downwarp around its margins—a geosyncline—which serves as a catchment basin for sediments. After 
a considerable time, crustal movement off the upwarp causes thrusting and crumpling at its margins, over- 
riding and folding any sedimentary rocks along the side of the geosyncline nearest the upwarp. After halts 
enduring for perhaps a geologic period, thrusting is repeated one cr more times from the same direction. 
Compelling evidence indicates the presence of magma beneath the upwarped area. 

Such a succession of events occurring in a definite order cannot be fortuitous. It demands a common cause 
for mountain systems of the compressional type. 

A mechanism which seems best to explain the events and sequences of the cycle is as follows: Atomic 
heating expands the crust and subcrust and melts a portion of the crust within a limited area, causing a 
domed regional uplift on a foundation of molten material having no permanent strength. Erosion of the 
uplifted area causes isostatic transfer, initiating an adjacent downwarp whose sinking is accentuated as it is 
filled with sediment. The crust creeps slowly down the slopes of the dome, and eventually thrust-faults to- 
ward the downwarp and folds its sedimentary rocks. Repeated movements occur, but finally crustal sliding 
off the dome causes tension and block-faulting in its central parts and copious emission of lavas and escape 
of heat. After this final orogenic spasm, the lateral creep of the crust ceases and the upwarped area sub- 
sides as the magma beneath it cools and congeals. 
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INTRODUCTION 
General Statement 


This paper is the product of a long-continued 
study of problems of orogeny and associated 
phenomena, the results of which have been 
presented in evolving form before The Geo- 
logical Society of America at its annual meetings 
of 1931, 1936, and 1937, and before the 18th 
International Geologic Congress in 1948 and 
published in abstract form (Rich, 1932; 1937; 
1938; 1948). The abstract of 1932 is now con- 
sidered obsolete as to the causal mechanism 
suggested, but the events of the typical cycle 
there presented and the ideas expressed in 
the later abstracts are essentially like those here 
given. 

One of the most important results of these 
studies has been the discovery that the histories 
of compressional mountain systems of Appa- 
lachian or Alpine type reveal a sequence of 
tectonic, erosional, and depositional events so 
strikingly uniform and consistent that they 
strongly suggest that the underlying cause of 
mountain building is essentially the same for 
all ranges of this type. 


Brief Statement of Life Cycle 


The sequence of events in the life cycle of a 
compressional mountain system is briefly stated 
as follows: 

(1) A relatively high upwarped area of di- 
mensions measurable in hundreds or thousands 
of miles and generally of elongate elliptical 
shape (the “‘oldland”, “Zwischengebirge”, or 
“median mass”) is commonly bordered by a 
downwarped trough—a geosyncline—which, if 


the central dome lies above sea level, rapidly 
becomes filled with sediment supplied from the 
upwarp. The weight of sediment transferred to 
the geosyncline causes its further sinking. If the 
uplifted area happens to be entirely beneath 
sea level, it appears that the bordering geo- 
syncline may not exist at the beginning, though 
it develops at a later stage in the cycle asa 
foredeep. 

(2) After a considerable time, orogenic move- 
ment occurs with thrusting away from the 
center of the upwarped area. This is accom- 
panied by the folding and over-riding of any 
sediments which may have been deposited in 
that side of the geosyncline adjacent to the 
upwarp. 

(3) The thrusting movement then ceases for 
a considerable interval, but is finally repeated 
one or more times from the same direction and 
in essentially the same manner. These episodes 
of thrusting occur at intervals of approximately 
one geological period. Between them, condi- 
tions are generally quiet except for minor 
epeirogenic movements. 

(4) Following each spasm of thrusting, the 
axis of the geosyncline commonly moves 3 
little farther away from the upwarp and toward 
the foreland. Its migration is thus in the same 
direction as that of the thrusting, but the geo- 
syncline always remains essentially parallel to 
the border of the upwarp. 

(5) Throughout this series of orogenic 
spasms, the thrusting is dominantly from one 
direction—away from the upwarp and toward 
the geosyncline. Secondary back-thrusting in 
the opposite direction is common, generally at 
a distance of 20 to 30 or more miles back toward 
the upwarp from the principal zone of thrusting. 
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(6) Possibly related to this zone of secondary 
back-thrusting is an inner line of volcanoes 
parallel to the mountain range formed by the 
main thrusts. Such inner volcanic ranges are 
especially conspicuous in association with many 
arcuate thrust-mountain ranges. 

(7) A final, exceptionally intense spasm of 
thrusting brings the orogeny to a ciose after a 
total duration, including pauses, of several 
geologic periods. 

(8) Meanwhile, especially during and after 
the final period of intense thrusting, tension 
faulting, accompanied by great outpourings of 
lava and by block-faulting, occurs in the old- 
land area behind the thrusts. 

(9) After the thrusting has ceased and the 
block-faulting and outpourings of lava have 
diminished, the area which has undergone ten- 
sion—the site of the former oldland from which 
the thrusting came—gradually subsides to a 
level lower than it had before the upwarping. 
In some instances this may be far below sea 
level. 

(10) While the stretched area is slowly sink- 
ing, erosion removes much of the height of the 
mountains produced by the thrusting. A re- 
gional uplift follows, which may be interrupted 
by several minor halts during which a succession 
of partial peneplains and straths is developed. 

(11) Erosion of the folded and thrust moun- 
tain region generally reveals many intrusions of 
dominantly acid and intermediate composition 
in and within a short distance behind the zone 
of thrusting, but igneous material is not char- 
acteristically found in the belt of folding which 
generally lies in front of the thrust zone. Im- 
mediately behind the thrust belt the intrusions 
not uncommonly have the dimensions of batho- 
liths. 

(12) Evidences of extensive regional meta- 
morphism of the stress type are generally found 
on the oldland side of the belt affected by in- 
tense thrusting, and for a considerable distance 
toward the oldland from it. 

This sequence of events calls for a causal 
mechanism that does not seem to be satisfied by 
any of the theories of mountain building which 
have come to the writer’s attention. Such a 
mechanism must account for the upwarped 
Source area generally subject to erosion, bor- 
dered by an associated downwarp; for repeated 
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creep and thrusting from the upwarp toward 
the geosyncline; for the development of tension 
in the upwarped area after thrusting has ceased 
or while it is in progress; for the outpourings of 
lavas; and for the final sinking of the upwarped 
area. 


Brief Statement of Working Hypothesis 


Crustal sliding off a domed uplift produced 
by the development of a blister-like magma! 
body seems to be indicated as a mechanism by 
the following characteristics of mountain belts 
of the type under discussion: 

(1) A common arcuate pattern suggesting 
the outlines of a magma body; (2) evidence of 
extensive lateral movement, expressed by 
thrusting; (3) evidence of shallowness of the 
movement in many instances where the dimen- 
sions of the folds and thrusts are such that no 
great thickness of the crust could possibly be 
involved; (4) the characteristic combination of 
compression in one area with tension in another 
so located with respect to the first as to indi- 
cate compression caused by gravity flow from 
the stretched area; and finally, (5) block faulting 
in the stretched area, indicating relatively great 
lateral movement and pulling apart of the 
crust, producing structures such as might result 
from a giant landslide moving on a very low 
gliding plane. 

These features, and the characteristic lava 
outpourings in the stretched area, strongly sug- 
gest gravity sliding of the upper part of the 
crust off a low, broad dome or belt of molten 
rock some distance below the surface as the 
mechanism responsible for orogeny. 

The development of this idea and considera- 
tion of the possible causes and consequences of 
such a magma body led to the formulation of 
a working hypothesis which seems to fit the 
requirements and to explain logically the char- 
acteristic series of events associated with moun- 
tain building. It makes use of a variety of 
well known and generally accepted principles 
of geophysics and does not seem to contravene 
any of them. 


1 Magma is here used in the sense of non-crystal- 
line rock. It may be a viscous hot glass or it may be 
free-flowing, depending on circumstances, but al- 
ways it has no ultimate strength. If in the state of 
viscous hot glass, a magma would respond like a 
solid to short-period earthquake shocks. 


1182 
. 1182 
h 
1210 
. 1214 
ng page 
1198 
apidly 
m the 
red to 
If the 
neath 
geo- 
hough 
> asa 
move- 
n the 
ccom- 
f any 
ed in 
o the 
es for 
eated j 
n and 
the 
ves a 
yward 
same 
2 geo- 
lel to 
genic 
n one 
yward 
ng in 
lly at 
yward 
sting. 


J. L. RICH—COMPRESSIONAL MOUNTAINS 


STAGE / - PRELIMINARY 
Seaevel:. - 


. Se « e . 

he 


Magma Same 


Sub-crust 


STAGE 2- BEFORE MOUNTAIN BUILDING 


Geosyncline 


Ma one 


Base’. “of. 


Sub-Crust 


20 40 60 
i 
Scale —Miles 


- 


Ficure 1. Pretmmnary StaGEs BEFORE THRUSTING 
Stage 1—Formation of magma blister by atomic heating, with expansion and doming of the crust. Stage 
2—Erosion of the uplifted area and isostatic transfer initiating a geosyncline. Arrows suggest direction and 
rate of isostatic transfer. Strain ellipse between geosyncline and blister dome suggests tension fracturing 
that might guide later thrusting. Dashed line over magma body in Stage 2 suggests a possible up-arching 
by isostatic transfer. The up-arched part of the magma body might freeze during up-arching. Horizontal 
scale may be considerably smaller. 
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STAGE 3- 
AFTER THRUSTING 10 20 


Approximate Natural Scale in Miles 


Ficure 2. AREA OF Ficure 1 Arrer THRUSTING 
Note back-thrusts, vulcanism, and bending down of crust in front of thrust. Minus and plus signs indicate 
the expectable signs of gravit anomalies over various parts of the structure. Especially deep down-bending 
of base of crust beneath the front part of the mountain system is suggested. Geosyncline may be consider- 
ably wider and shallower than shown. 


Stated briefly as a working hypothesis, the 
mechanism is as follows (See Fig 1): 

Heat, generated by radioactivity more 
rapidly than it can be conducted away, expands 
and melts a zone in the crust over a limited but 


relatively large area, forming a blister-like body 
of magma beneath the outer crust and causing 
a regional epeirogenic uplift without distutb- 
ance of isostatic balance. The crust is domed 0 
up-arched on a foundation of molten or vitreols 
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rock having no long-time strength. It then 
starts to creep down the slopes of the 
low magma dome, or blister, and thrusts and 
crumples at its lower, outer margins, forming a 
mountain range. While the crust is slowly 
sliding off the blister, it is stretched and pulled 
apart by tension over the crestal part of the 
dome. This causes normal, or block faulting on 
a large scale and permits voluminous fissure 
eruptions of lava. 

Meanwhile, if the regional uplift resulting 
from the growth of the blister brings its surface 
above sea level, erosion of the uplifted area 
causes isostatic transfer at depth from outside 
the domed area to restore the balance, thus 
initiating a downwarp—a geosyncline—close to 
the edge of the magma blister. The geosyncline 
forms a convenient catchment basin for sedi- 
ments from the dome, and thus its sinking is 
accentuated. 

If the geosyncline has already been formed 
and filled when the thrusting occurs, the thrust 
plane shears up into it on the domeward side, 
and the upthrust mass, like a giant piston 
moving laterally, folds, thrusts, and overrides 
the strata of the geosyncline, but only on the 
side from which the thrusting comes (Fig. 2). 

The first period of thrusting is followed by a 
pause, because sliding off the magma dome is a 
slow process. Stresses continue to accumulate 
until the crust breaks and again moves forward, 
initiating a second period of thrusting. Thus, 
repeated orogenic movements occur, but finally, 
crustal sliding off the dome causes tension and 
block-faulting in its crestal area on such a scale 
that the crust, in effect, changes places with 
the magma beneath, forming great areas of lava 
flows or plateau lavas. (For data on the relative 
densities of crystalline and molten rock see 
Birch, Schairer, and Spicer, 1942, p. 30-37). 

The escaping lavas carry so much heat away 
to the surface, and crustal blocks sinking into 
the magma exert such a cooling effect that the 
magma freezes, the lateral creep off the magma 
body ceases, and the domed area subsides 
as its magma cools and crystallizes. With this 
event the orogenic period ends. 

Meanwhile, after active thrusting has ceased, 
erosion removes much of the piled-up mass of 
the mountain range. Since at its greatest height 
it must have sunk isostatically, its erosion 
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creates a new isostatic unbalance that causes a 
broad regional uplift of the worn-down moun- 
tain mass. 

With the elements of the mountain cycle and 
the outlines of the proposed working hypothesis 
in mind, the reader can judge what features of 
present and past mountain ranges are significant 
to the problem of origin, and can review, per- 
haps with a new interest, the life histories of 
some of the earth’s important mountain sys- 
tems as briefly summarized below. 


EXAMPLES OF THE LIFE CYCLE OF TYPICAL 
COMPRESSIONAL MouNTAIN SySTEMS 


Appalachian System 


Oldland and geosyncline—The Appalachian 
mountain system of eastern and southeastern 
United States well illustrates the sequence of 
events of the typical mountain cycle, for the 
system and most of the events of its geological 
history are comparatively well known and the 
cycle has run its full course. For an excellent 
recent description, with structural and strati- 
graphic interpretation, see King (1950). 

The system extends without break from the 
Gaspe Peninsula of Quebec to northern Ala- 
bama. After an offset or a short covered interval, 
it reappears in central Arkansas, whence it 
extends west into Oklahoma and thence south 
on the east side of the Central Mineral Uplift 
(Austin dome) of southeast Texas to the Mara- 
thon region of West Texas (Miser, 1934). The 
course from southern Oklahoma to West Texas 
is buried under later rocks, but has been 
revealed by drilled wells. 

In a mountain system of such length, it 
could not be expected that details of events 
would be identical throughout its extent, but 
the broader pattern seems to be everywhere 
similar, as we shall show. 

The initial features of the system were a land 
area—the oldland—lying to the east and south, 
(called Appalachia in eastern United States and 
Llanoria in the south) and a subsiding trough 
called the Appalachian geosyncline, bordering 
it on the west, northwest, or north, depending 
on the curving trends of its sinuous borders. 
These relations continued from the earliest 
record in the Cambrian period to the close of 
the mountain building in the Permian. 
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Throughout that long time, the sinking geo- 
syncline persisted—now subsiding relatively in 
one part, now in another, but in general kept 
well filled, at least on its eastern and southern 
sides, by sediments supplied mainly from near- 
by Appalachia and Llanoria. Only negligible 
amounts of sediment came into the geosyncline 
from the opposite side because that area was 
covered by a shallow sea which spread widely 
to the west and north. Thus, in general, the 
greatest sinking and consequently the greatest 
accumulation of sediment was on the side of the 
geosyncline close to the land masses of Appa- 
lachia and Llanoria. There, the sediments— 
dominantly shales, sandstones, and conglom- 
erates—accumulated to enormous thicknesses, 
especially where they took the form of great 
deltas such as the Catskill delta of New York 
and Pennsylvania (Barrell, 1913; 1914). Similar 
great masses of shale and sandstone (Stanley 
and Jackfork formations) accumulated in the 
Ouachita section of the geosyncline in Arkansas 
and Oklahoma, as well as possibly in its con- 
tinuation southward beneath the Coastal Plain 
of Texas. 

Orogenic disturbances.—At several times from 
Cambrian to Permian, mountain-making oro- 
genic movements occurred, sometimes in one 
place, sometimes in another, but probably never 
simultaneously along the whole of the long belt 
under discussion. 

In the Greater Acadian portion of the Appa- 
lachian system (Schuchert, 1930), which ex- 
tended northeast from Pennsylvania along the 
general course of the Hudson and lower St. 
Lawrence valleys, a spasm of intense orogeny, 
the Taconian, occurred late in the Ordovician. 
At that time, the thick shaly and sandy sedi- 
ments which had accumulated along the east 
side of a deep geosyncline in that belt were 
thrust strongly west and northwest toward and 
upon the foreland. This period of orogeny 
appears to have been followed by volcanic 
outpourings and intrusions in the area behind 
the thrusts and later by a period of extensive 
erosion which permitted Silurian and Lower 
Devonian sediments to be laid down on the 
beveled surfaces of the older rocks (Schuchert, 
1930; Billings, 1937, p. 483). 

Following the Taconian orogeny, the land in 
New England to the southeast of the Taconic 
thrust-belt was eroded to something approach- 
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ing a peneplain and then sank beneath the sea, 
after which the geosynclinal relation was rp. 
sumed. In the newly-subsiding trough, Silurian 
marine sandstones, limestones, and shales sey. 
eral hundred feet thick, and shales and shaly 
sandstones with some conglomerates and yol- 
canic materials representing the early half of 
the Devonian period, accumulated to a thick. 
ness of several thousand feet over most of 
New England east of Connecticut River, In 
southeastern New Hampshire, M. T. Heald 
(1950) estimates the thickness of these Siluro. 
Devonian sediments to be more than 20,00 
feet. These thick and widespread sediments, 
mainly clastic, must have been supplied by an 
extensive, volcano-studded land lying not far 
southeast. By inference it appears therefore 
that in the Early Devonian a hitherto unre 
corded spasm of mountain building, or at least 
of strong upwarping, must have occurred some- 
where to the southeast of present New England, 
in order to have supplied this great mass of 
clastic materials. After many thousands of 
feet of these Silurian and Devonian sediments 
had accumulated, a third and probably more 
intense and widespread orogenic disturbance, 
with thrusing from the southeast and east 
followed, presumably in the Late Devonian. 
This orogenic push, the Acadian orogeny, must 
have produced a great mountain chain occupy- 
ing most of New England. Some of its waste 
products, shed westward, formed the huge 
Catskill delta, the superior erosional resistance 
of whose conglomerates is responsible for the 
Catskill mountains of today. 

The Acadian orogeny, like the Taconian, 
was followed by great outpourings of lava in 
the region behind the belt of thrusting. Most 
of those lavas have vanished, but that they 
must have covered considerable parts of New 
England is indicated by several sharply down- 
dropped remnants of essentially unmetamot- 
phosed bedded lavas, tuffs, and agglomerates 
preserved in “caldron subsidences” scattered 
widely over the region (Kingsley, 1931; Bit 
lings and Williams, 1935; Modell, 1936; Smith, 
Kingsley, and Quinn, 1939). 

The Acadian orogeny was followed during 
Mississippian and Pennsylvanian times by & 
tensive regional sinking in New Brunswick 
and northwestern Nova Scotia and by Is 
extensive, possibly block-fault, subsidences 
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eastern Massachusetts and Rhode Island. 
During those subsidences, a thick section of 
Mississippian and Pennsylvanian rocks ac- 
cumulated in New Brunswick, and fresh-water 
sediments of Pennsylvanian age in eastern 
Massachusetts and Rhode Island. 

A fourth spasm of orogeny at the time of 
the “Appalachian Revolution” in the Penn- 
sylvanian-Permian periods deformed the Car- 
boniferous rocks in southern New England and 
adjacent parts of New York, but does not seem 
to have greatly affected those in New Bruns- 
wick, nor to have re-folded the rocks of north- 
ern New England nor of the St. Lawrence 
valley. 

The development of geosynclines and the 
geographical locations of the areas affected by 
successive orogenies during the life span of 
the Appalachian system in New England de- 
parts somewhat from the normal in that each 
succeeding geosyncline lay farther southeast— 
ie., toward the region from which the thrusts 
came—than the preceding. Also, the thrusting 
of the Pennsylvanian-Permian orogeny seems 
not to have extended as far outward away 
from the oldland as had that of the preceding 
orogenies. This is in contrast to the common 
condition in which the axes of the geosynclines 
tend to migrate, as time goes on, away from 
the direction of thrusting, and the areas af- 
fected by succeeding orogenic spasms also mi- 
grate in the same direction. Evidently these 
features of a mountain cycle are variable, 
depending on local circumstances. 

Farther south along the geosyncline, in the 
region of the Great Smoky Mountains of North 
Carolina and Tennessee and of their continua- 
tion into Georgia and Alabama, a highland, 
presumably located not far to the southeast, 
began in Middle Ordovician time to shed 
clastic waste into the geosyncline. Throughout 
the remainder of the Paleozoic, the geosyn- 
cline continued to sink most sharply along its 
southeast side and occasionally to receive fairly 
coarse clastic sediments from the southeast 
while limestones or fine shales were accumulat- 
ing on the shallower northwest side of the 
trough. (Compare King, 1950, Fig. 9, p. 660.) 

Bentonites at many levels among the lime- 
Stones on the northwest side of the geosyncline, 
and tuff beds in the Athens shale of the mid- 
Ordovician along the southeastern side of the 
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trough, together with the shale-sandstone com- 
position of the Athens and Tellico formations, 
suggest the occurrence of an orogenic spasm 
to the southeast at approximately the same 
time as the Taconian orogeny in New England. 

In this same southeastern region, the next 
great orogeny must have occurred in the Late 
Mississippian or at the beginning of the Penn- 
sylvanian period, as is shown by the sudden 
influx from the southeast of the coarse con- 
glomerates, sandstones, and shales of the Potts- 
ville formation of earliest Pennsylvanian age. 
The actual fold-thrust belt of this episode 
seems to have been obscured by the effects of 
the later, greater orogeny of the Late Penn- 
sylvanian and Permian—commonly known as 
the “Appalachian Revolution”—which inten- 
sely folded and thrust-faulted the rocks in the 
eastern and southern parts of the Appalachian 
geosyncline throughout its entire length and 
closed the orogenic history of the Appalachian 
mountain system. 

In the Ouachita mountains of Arkansas and 
Oklahoma, any pre-Carboniferous manifesta- 
tions of the geosyncline and of orogenic move- 
ment that may have occurred must have lain 
in the region south of the present Ouachita 
mountains and must be buried under the sedi- 
ments of the Gulf Coastal Plain, for the older 
rocks of the Ouachita area are not of the geo- 
synclinal facies. 

Beginning, however, in the earliest Pennsyl- 
vanian, an extensive mountainous and volcanic 
highland must have been formed along the 
northern border of the oldland of Llanoria 
somewhere south of the present Ouachita moun- 
tains, for the Stanley shale, Jackfork sandstone, 
and Atoka formations of Pennsylvanian age 
attain a thickness of over 25,000 feet and 
thicken and coarsen toward the south. They 
contain beds of tuff that must have come from 
volcanoes located somewhere in that direction 
(Miser, 1930; 1934). 

Repeated orogenic spasms occurred at inter- 
vals throughout the Pennsylvanian and Per- 
mian in the Ouachita and adjoining Arbuckle 
mountain regions. Finally, after Permian time, 
orogenic activity ceased here as it did in the 
Great Smoky Mountain region and in New 
England. 

The portion of the Appalachian belt extend- 
ing from southern Oklahoma south across Texas 
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east of the Llano-Burnett uplift to the vicinity 
of San Antonio and thence west to the Mara- 
thon region of West Texas, is buried under the 
Cretaceous sediments of the Coastal Plain and 
Edwards Plateau, and is known only from the 
records of drilled wells. Consequently the de- 
tails of the geosynclinal sedimentation and of 
orogenic episodes are unknown. But the well 
records reveal similarity of the rocks to those 
of the Ouachitas, and some of the cores show 
high dips, intense folding, and moderate meta- 
morphism like that in other parts of the Ap- 
palachian system in and south or southeast of 
the intensely-folded belt (Sellards, 1931; Miser 
and Sellards, 1931; Miser, 1930). 

In the Marathon region of West Texas, 
where rocks are exposed ranging from early 
Cambrian to and including the Permian, a 
history similar to that elsewhere in the Ap- 
palachian system is indicated. All the early 
Paleozoic rocks of the Marathon region are 
of the geosynclinal sandstone-shale-limestone 
facies, quite different from the foreland lime- 
stone facies of rocks of the same age exposed 
within 100 miles to the northwest and to the 
west in the El Paso region (King, 1931). 
Shales, sandstones, and conglomerates are prev- 
alent and thicken and coarsen toward the south 
in the direction of the oldland continuation of 
Llanoria which must have lain not far away in 
that direction, as judged by conglomerates and 
great exotic blocks found in several of the 
shales. These exotic blocks consist partly of 
rocks not now known in the region. They seem 
to have been transported in some way by 
thrust faults, and their age relations indicate 
orogenic movement more or less closely con- 
temporaneous with the Taconian orogeny in 
New England. 

In the Marathon region, the final orogenic 
spasm occurred in Late Pennsylvanian or Per- 
mian. This movement terminated the geosyn- 
clinal and orogenic history here as elsewhere 
along the Appalachian chain. 

Topographic expression of the thrusting and its 
probable isostatic effects —Because of the great 
lapse of time, nothing can now remain of the 
original relief produced by the Appalachian 
folding and thrusting. We now see only the roots 
of a once great mountain system. After any one 
of the spasms of orogeny just described, and 
particularly after the culminating stage in the 
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Pennsylvanian-Permian, high and comple 
mountain ranges must have existed, and the 
Appalachian mountain chain of that time mp. 
doubtedly was comparable in relief anj 
grandeur with the great chains of today, such 
as the Alps, Caucasus, Himalayas, or Andes, 

Granting such relief, and granting the cor. 
rectness of the principle of isostasy, we must ex. 
pect that the piling up of such great masses of 
rock above the general level of the earth’s crust 
must have caused an isostatic sinking of the 
crust under the range, to restore the isostatic 
balance. Such a deduction is in harmony with 
the observations of present-day mountain 
ranges of comparable size, such as the Hima. 
layas which, in spite of their height, are essen- 
tially in balance (Oldham, 1917). 

The significance of such isostatic sinking of 
the Appalachian mountain ranges at their peri- 
ods of greatest relief, will be discussed later. 

Igneous intrusion in and behind the belt of 
thrusting—From Nova Scotia to Alabama, the 
region lying in and immediately behind the belt 
of thrusting of the Appalachian system is e- 
posed continuously except for a section in New 
Jersey. It has been deeply eroded, so that the 
roots of the ancient mountains in and behind 
the thrust zone are open for inspection. In con- 
trast, however, the root areas in Arkansas, Ok- 
lahoma, and Texas are everywhere covered by 
Cretaceous sedimentary rocks. The root area 
in the Great Smoky Mountains and in the ad- 
joining Piedmont Plateau is the best known and 
its intrusives have been the subject of special 
studies by Keith (1923) and King (1950). 

The root region in New England (not, how- 
ever, an entirely typical region) has bee 
mapped in detail and reported upon by the geo 
logical staff and advanced students of Harvard 
University (Billings, 1937; and other reports, 
mostly published by The Geological Society of 
America and by the New Hampshire State Plar- 
ning and Development Commission). 

One result of all these studies has been the 
discovery that numerous intrusions of magmas 
of various types, but prevailingly those of acid 
and intermediate composition, occur in and be 
hind the belt of thrusting, but not in the thrusts 
closest to the crumpled border of the geosjr- 
cline nor within the folded rocks of what is ld! 
of that geosyncline. 

For the parts of the Appalachians south d 
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New England, Keith (1923) dates most of the 
batholiths as Carboniferous, thus making them 
essentially contemporaneous with the closing 
orogenic episode of the Appalachian mountain 
system. 

In New England, the areas where the intru- 
sives are exposed lie behind the belt of Taconic 
thrusting but in front of that of the Pennsyl- 
yanian-Permian thrusting. The intrusions there 
are believed to be pre-Carboniferous and prob- 
ably contemporaneous with and following the 
Acadian orogeny. Whatever intrusions may 
have accompanied the Pennsylvanian-Permian 
orogeny in New England cannot now be seen 
because they would lie under the waters of the 
present Atlantic or under the Cretaceous sedi- 
ments of Marthas Vinyard, Nantucket, Long 
Island, and New Jersey. 

Many of the intrusions both in the southern 
Appalachians and in New England have the 
form of thick, massive sills which, by their 
strong lineation, crushing of minerals, and at- 
trition of feldspar augen, show evidences of con- 
siderable internal movement, particularly along 
their outer borders. An example of such a sill- 
like mass in the southern Appalachians is the 
Henderson granite of North Carolina (Unpub- 
lished study by A. D. Warner, while a graduate 
student at University of Cincinnati). In New 
England, the Oliverian magma bodies and cer- 
tain bodies of Bethlehem gneiss in the quad- 
rangles in New Hampshire immediately east of 
Connecticut River appear to be huge sills 
(Moore, 1949; Kruger, 1946; Hadley, 1942; 
Chapman, 1939; Fowler-Billings and Page, 
1942; Billings, 1937). 

These relations suggest not only that the sill- 
like intrusions were emplaced during the oro- 
geny, but also, because of the evidences of move- 
ment, that they may have played a part as 
zones on which the overlying rocks rode for- 
ward. 

Metamor phism in relation to the orogenic belt.— 
Metamorphism is essentially absent from the 
outer zone of folding in front of the thrust zone. 
Towards the oldland, noticeable metamorphism 
begins with the first major thrusts, and increases 
rapidly to the highest grade within a compara- 
tively few miles back from the thrust front. In 
a zone reaching a width of 100 miles or more in 
the Great Smoky, Blue Ridge, and Piedmont 
belts of the Appalachian system, high-grade 
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metamorphism prevails, and numerous intru- 
sive bodies of various sizes exist. Beyond this 
belt, closer to the oldland, metamorphism de- 
creases and finally almost or quite disappears 
in the extreme eastern Piedmont belt south- 
east of the southern Appalachians. King (1950) 
describes only weak metamorphism along the 
extreme southeastern edge of the Piedmont in 
the Carolinas and Georgia, and unmeta- 
morphosed Paleozoic rocks have been reported 
repeatedly from wells in southeast Georgia and 
northern Florida. 

The metamorphism is dominantly of the 
regional, stress type as defined by Harker 
(1932). This indicates that it was produced 
while the rocks were under directional stress 
associated with slow movement and concur- 
rently in an environment of relatively high 
temperature. Locally, the intrusions mentioned 
in the preceding paragraph have produced con- 
tact modifications of the prevailing regional 
metamorphism, but such contact effects are 
generally subordinate. (Compare Billings, 1937.) 
Metamorphism in the southeastern Appalach- 
ians follows closely the pattern described by 
F. E. Suess (1929) for the region behind the 
Hercynian thrust belt in central Europe, here 
reviewed briefly on a succeeding page. The 
environment in which the metamorphism oc- 
curred in the Appalachians may, therefore, be 
pictured as being deep under the roots of the 
mountain range where temperatures were high 
for a variety. of reasons, including frictional 
heating and the presence of intrusions, and 
where the stress that must have been expressed 
by a slow, creeping movement as well as by 
thrusting, was ever-present during the period 
of orogeny. 

No matter how intense the folding or faulting 
experienced by the sediments in those parts of 
the geosyncline adjacent to but not under the 
great thrusts, no metamorphism can ordinarily 
be detected. The metamorphism was confined 
to the regions farther back in the direction from 
which the thrusts came. Thus the folded and 
thrust-faulted rocks of the Great Valley (Valley 
and Ridge province of Fenneman) west of the 
Blue Ridge are not noticeably metamorphosed. 
Conspicuous metamorphism begins with the 
great thrust fault which forms the west or 
northwest base of the Blue Ridge or of its 
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equivalent along the northwest side of the 
Great Smoky Mountains. 

Post-orogenic block-faulting, lava outpourings, 
and down-sinking.—We now return to a review 
of the events which followed the Appalachian 
Revolution. 

The record of this stage in the life cycle of 
the mountain system is best revealed by out- 
crops and wells in the Piedmont and Atlantic 
and Gulf coastal plains and by seismic profiles 
extending from the Fall Line across the Coastal 
Plain and the Continental Shelf to the deep 
water of the Atlantic Ocean. 

The Pennsylvanian-Permian Appalachian 
Revolution brought to a close the compressional 
history of the mountain system which had 
been developing from the beginning of the 
Paleozic Era and had been expressed by re- 
peated movements all directed from the old- 
land on the east and south toward the bordering 
geosyncline on the west and northwest. That 
revolution changed the site of dominant erosion 
and the source of sediment supply from the 
oldlands of Appalachia and Llanoria to the 
newly-formed mountain range in the fold-thrust 
belt. 

We have no definite record for the remainder 
of the Permian period and for the early part of 
the Triassic, but the nature of the surface on 
which the succeeding Late Triassic rocks were 
deposited (Shaler and Woodworth, 1899; Bar- 
rell, 1915) proves that erosion reduced the 
land surface east of the mountains at least to 
the old-age, if not to the peneplain stage. 

During the later part of the Triassic period, 
the region southeast of the thrust-mountain 
belt? was subjected to tensional forces which 
led to extensive block-faulting, with the pro- 
duction of tilted fault-block ranges rising high 
and abruptly above adjacent deep-dropped 


2 What seems at first glance to be an exception to 
this generalization is that the Triassic fault blocks 
in the Connecticut valley occur to the northwest of 
the Narragansett Basin region which was compres- 
sionally deformed during the Pennsylvania-Permian 
orogeny, and therefore they lie in front of and not 
behind that orogenic belt. They do, nevertheless, 
lie on the oldland side of the belt of principal 
Appalachian thrusting in New England. The move- 
ment which deformed the Narragansett Basin area 
— well have been related to sliding off a smaller 
and later secondary blister like those which seem 


to have developed in the western Mediterranean 
following the main Alpine orogeny, as will be 
pointed out later. 


J. L. RICH—COMPRESSIONAL MOUNTAINS 


fault troughs. As faulting progressed, these 
troughs were concurrently filled with continen. 
tal sediments derived mainly from the adjacent 
up-tilted fault blocks. This is proven by the 
abundance of coarse alluvial fan gravels incor. 
porated in the sediments close to the bordering 
faults. Such gravel deposits are especially wel] 
displayed along the eastern border fault of the 
Triassic area in Connecticut and along the 
fault which forms the western border of one 
of the larger Triassic areas in eastern Penn. 
sylvania (Longwell, 1933, giving references to 
earlier papers; U. S. Geol. Survey, Fairfield 
Gettysburg Folio, No. 225; McLaughlin, 1939, 
Krynine, 1950). 

Meanwhile, quantities of basic lava were 
extruded as flows or were spread as thick sills 
between the basin sediments. The many in- 
trusive plugs and dikes also found may have 
fed flows of lava or sills now eroded. The struc- 
tural conditions and presumably the topog- 
raphy of late Triassic time must have been 
essentially similar to those presently prevailing 
in the Basin and Range region of westem 
United States. 

In this stretched area southeast of the fold- 
thrust belt we have no record of the Jurassic, 
except that it must have been a time of relative 
quiet and of near-peneplanation, for the Creta- 
ceous rocks of the Coastal Plain rest on a 
beveled surface of the older rocks having a 
relief of only about 300 feet at the maximum 
(Ewing et’ al., 1939; 1940). 

With the Lower Cretaceous a period of sink- 
ing began for all the region southeast of the 
Piedmont belt, which expressed itself as 4 
relatively even and gradual tilting toward the 
southeast. This continued as a general condition 
throughout the Cretaceous and Tertiary periods 
and may still be going on in the region east of 
the present coast line. 

This Mesozoic and Tertiary sinking of the 
oldland of Appalachia is the more interesting 
because it was a complete reversal of conditions 
that had endured throughout the Paleozoic, 
during which Appalachia as a whole was domi- 
nantly a positive area. 

Verification of the story as above related and 
of the post-Jurassic down-tilting of Appalachia 
into oceanic depths comes from two sours: 
(1) Seismic profiles run from the edge of the 
Coastal Plain out across the Continental Shel 
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to deep water (Ewing et al., 1937; 1939; 1940) 
show that the granites and crystalline rocks of 
the “basement” type, such as are exposed on 
the Piedmont and are known to underlie the 
Coastal Plain, continue on a regular and rela- 
tively even gradient down beneath the Con- 
tinental Shelf to a depth of over 12,000 feet 
under the outer edge of the shelf; (2) Evidence 
from the seismic profiles has been strikingly 
corroborated by the deep wells recently drilled 
on the outer margins of the Coastal Plain, 
particularly a deep test on Cape Hatteras which 
at a depth of 9878 feet went out of what are 
believed to be Lower Cretaceous sediments into 
weathered granite, in which it continued to a 
total depth of 10,054 feet (Swain, 1947). 

The seismic profiles and the well at Cape 
Hatteras give decisive proof of two important 
points: first, that Appalachia extended east- 
ward at least to and beyond the present site of 
Cape Hatteras, and, second, that what now 
lies approximately 10,000 feet below sea level 
was exposed at the surface and was undergoing 
weathering until the beginning of Cretaceous 
time. 

The record of post-orogenic events in the 
Gulf Coastal Plain and in the Mississippi Em- 
bayment is less complete because of a cover of 
Cretaceous and later sediments, but in its 
general features is essentially the same. The 
oldland of Llanoria sank in a tilting fashion 
similar to that of the East Coast region of the 
United States to form the basin now occupied 
by the Gulf of Mexico. By inference, various 
isolated basins beneath the Gulf Coastal Plain 
in which are found the great salt accumulations 
which give rise to the salt domes of the Gulf 
region, were also formed by this subsidence. 

The sinking has amounted to more than 
10,000 feet all around the Gulf and to much 
more than that in a restricted area which 
Barton (Barton, Ritz, and Hickey, 1933) named 
the Gulf Coast Geosyncline, lying along the 
northeast coast of Texas and adjacent parts of 
Louisiana and under the bordering waters of 
the Gulf of Mexico. 

Further, we have in the former territory of 
Paleozoic Llanoria, widespread evidence of igne- 
ous activity involving basic magmas and differ- 
entiates from them. These, in the form of plugs, 
stocks, or laccoliths, are known in outcrop at 
many places in southeastern Texas and have 
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been disclosed by drilling in that region and in 
many localities farther north along the western 
border of ancient Llanoria. In Arkansas, soda- 
rich differentiates of a basic magma are exposed 
south of Little Rock, and these and other basic 
rocks, as well as ash and tuff associated with 
them, occur at many places in the southern 
part of the State. In eastern Louisiana and 
western Mississippi, basaltic and _peridotitic 
rocks are penetrated by wells, and in southern 
Alabama, southern Georgia, and western 
Florida, diabase has been encountered at several 
places in wells drilled as tests for oil.* 

It is a striking fact that these igneous rocks, 
which occur in a belt occupying part or all of 
the sites of Appalachia and Llanoria and paral- 
leling the Appalachian fold-thrust mountain 
belt all the way from Nova Scotia to South 
Texas, are decidedly basic in character, in 
marked contrast to the intermediate and acid 
character of the volcanic products associated 
with the fold-thrust Appalachian mountain belt 
itself and of the intrusives in the root zone of 
those mountains. In these relations we have a 
most significant feature of the life cycle of a 
typical mountain system. 

Post-orogenic peneplanation and later regional 
upwarping of the fold-thrust mountain belt.— 
Following the Triassic block-faulting and emis- 
sions of basic lava in the area now occupied by 
the Piedmont and the Coastal Plain, that area 
appears to have remained relatively stable 
during the Jurassic period, and was reduced to 
an old-age plain or peneplain which can now 
be recognized beneath the Coastal Plain sedi- 
ments of early Cretaceous age. As the “Fall 
Zone Peneplain”’ (Sharp, 1929; Johnson, 1931), 
this erosional surface is believed to have ex- 
tended over much of the area now occupied by 
the eastern part of the folded Appalachian belt, 
the Piedmont plateau, and the Coastal Plain. 
The peneplain has been completely destroyed 
by erosion except where it is buried beneath 
the sediments of the Coastal Plain, but its 
former existence and later burial under marine 
or alluvial sediments is suggested by the pattern 


For a map showing the locations of known 
igneous occurrences in rocks of Mesozoic and later 
age in the Gulf Coastal Plain and Mississippi em- 
bayment regions, see Miser (1934), and for a general 
o recent discussion with maps, see Moody 

1949). 
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of drainage in the area west and northwest of 
the Fall Line (the line of emergence of that 
peneplain surface from beneath the Coastal 
Plain sediments). The drainage pattern appears 
to have been acquired on those sediments de- 
posited on the peneplain and to have been 
superimposed from them across the structures 
of the folded Appalachians. 

This peneplanation of presumed Jurassic or 
early Cretaceous date was followed by a regional 
upwarping of the Appalachian mountain belt. 
During Late Cretaceous or Early Tertiary, 
another period of quiet permitted the develop- 
ment of the so-called Schooley peneplain, rem- 
nants of which are now found at elevations of 
more than 4000 feet in various parts of the 
Appalachian highlands. The Schooley penepla- 
nation did not completely reduce the area, 
but the unreduced remnants were relatively 
small and their topography was much subdued. 

The later history of the Appalachian high- 
land records further periods of upwarping 
followed, apparently, by halts during which 
partial peneplains on the weaker rocks were 
formed, such as the Harrisburg partial pene- 
plain of the Appalachian region. 

Such regional upwarping, without faulting, 
thrusting, or local folding, seems to be char- 
acteristic of the closing stages in the life histories 
of all mountain systems of the compressional 
type far enough along in the cycle for this 
stage to have been reached. After continuing 
intermittently and with decreasing intensity 
for a long time, the regional upwarpings finally 
cease; the remnants of the mountain highlands 
are reduced by erosion; and the region formerly 
occupied by the mountains becomes quiescent 
and tectonically dead. As pointed out by Bucher 
(1933, p. 364), any later orogenies which affect 
the former mountain area seem to be unrelated 
to the former history of the region. The new 
mountains may cross the trends of the old 
mountain chains without regard to them. 


Other Mountain Systems Compared With the 
Appalachians as a Type 


Introduction—Having outlined the sequence 
of events in the life history of the Appalachian 
mountain system, we now examine the histories 
of other comparable compressional systems. In 
order to better judge the extent to which the 
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systems now to be reviewed follow the pattern 
of the Appalachians and of the typical sequence 
of events in the mountain cycle as stated under 
the section of the “Introduction” entitled 
“Brief statement of life cycle,” the reader might 
advantageously re-read that statement before 
proceeding further. It must be borne in mind 
that not all mountain systems have as yet gone 
through the entire cycle. Some are still in the 
earlier stages comparable with that of the Ap- 
palachians at the time of the Taconian or 
Acadian orogenies; others are farther advanced, 
The Appalachian system required all the time 
from early in the Cambrian to the end of the 
Paleozoic to pass through the compressional 
stages of the cycle, and the time from the begin. 
ning of the Mesozoic to the present to complete 
the sequential stages of sinking of the oldland 
and of isostatic upwarping and erosion of the 
fold-thrust mountain ranges. 

In this section of the paper no exhaustive 
descriptions are attempted. Only some of the 
better known features of the various systems 
will be recalled. Students familiar in detail with 
each of these systems will be able to carry the 
analysis further than is done here. Such com- 
parisons should always be made with the 
broader aspects of the history in mind. Natu- 
rally, variations in detail from conditions shown 
by the Appalachian system will be found; but 
the over-all pattern is what is significant for 
this study. 

Rocky Mountain system.—The Rocky Moun- 
tain system is one which seems to be in the 
midst of its evolution, in a stage somewhat 
comparable with that of the northern Appa- 
lachians after the close of the Acadian orogeny. 
This sketch of its history is concerned primarily 
with the results of the Laramide orogeny of 
Late Cretaceous-Early Tertiary date, and with 
the events leading up to and following that 
orogeny. An excellent summary and discussion 
of these events presented recently by C. R 
Longwell as his presidential address before the 
1950 meeting of the Geological Society of 
America (Longwell, 1950) serves as a basis for 
the brief account which follows. For those who 
wish to pursue the inquiry further, it will be 
useful as an up-to-date introduction to the 
voluminous literature of the region. 

As Longwell clearly indicated, the present 
Rocky Mountain system is but the latest 
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product of a series of orogenic spasms which, 
beginning in mid-Paleozoic time, have been 
progressing eastward in successive stages. The 
latest of these are the Nevadan orogeny of Late 
Jurassic age, which affected much of the region 
between the Pacific coast and the eastern side 
of the Great Basin‘, and the Laramide orogeny 
with which we are particularly concerned here. 

The history of the Rocky Mountain system, 
as related to the Laramide orogeny, began with 
the formation of the Rocky Mountain geosyn- 
cline as a downwarp along the eastern side of a 
relatively high, mountainous “oidland” mass— 
in part, at least, a product of the preceding 
Nevadan orogeny—that centered over parts of 
Utah, Nevada, Idaho, and western Montana 
and extended thence both to the north and to 
the south. This geosynclinal downwarp was 
continuous through the United States and 
Canada from somewhere in Mexico to western 
Alaska and included the present site of the 
Rocky Mountains and of the Great Plains east 
of them. Like the Appalachian geosyncline, it 
was asymmetrical—sinking deepest along its 
western side, adjacent to the oldland. In some 
places, as in east-central Utah (Spieker, 1946; 
1949), the sinking was very great and abrupt; 
in others only moderate; but everywhere it 
was sufficient to permit a broad inland sea to 
extend from southern Mexico to the Arctic 
ocean. 

This geosynclinal trough was filled during 
the Mesozoic period by sediments from the old- 
land, coarse and thick along the western border 
of the trough and finer and thinner eastward. 

In late Cretaceous and early Tertiary time, 
the Laramide orogeny, with dominant move- 
ment from the west, caused compression and 
intense overthrusting, now conspicuously ex- 
posed in a belt extending from near Ogden, 
Utah, northward through southeastern Idaho, 
western Wyoming, and western Montana— 
where it includes the well-known Lewis over- 
thrust—and thence north into Canada along 
the present Rocky Mountain front. According 
to Longwell (1950, p. 423-424) recent studies 
have shown that the same belt of intense 
eastward thrusting continues south from Ogden 
across Utah and southeastern Nevada, where 


* Whether the orogeny was two-sided, with move- 
ment both to east and west, is a question which 
needs critical study. 
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it connects with the Muddy Mountain thrusts 
and others which he has mapped in that area. 
From there, he shows it continuing southward, 
beyond the areas which have been mapped 
in detail, toward northwestern Mexico. 

East of the principal belt of intense thrusting 
just described, the Rocky Mountain System 
widens out as it crosses the United States in 
the section from southern Montana to southern 
New Mexito into a broad, high plateau, more 
than 400 miles wide in its central part, bounded 
on the east by the ranges of the Rocky Moun- 
tain front. The latter—decidedly broken, dis- 
continuous, and offset in places—diverge from 
the clean-cut belt of intense thrusting in west- 
central Montana and continue southward as 
the Big Belt Mountains, the Beartooth Moun- 
tains, the Bighorn Mountains, the Laramie 
Range, the Front Range of Colorado, and the 
Sangre de Cristo Mountains of southern Colo- 
rado and northern New Mexico. Beyond the 
Sangre de Cristo Mountains, less conspicuous 
smaller ranges cross central New Mexico and 
continue south past El Paso into Mexico. 

Above this high plateau region between the 
eastern front ranges and the belt of intense 
thrusting previously described, rise several more 
or less isolated mountain ranges such as the 
Wind River Mountains, the Uinta Mountains, 
the Park Range, the Sawatch Mountains, and 
the great volcanic pile of the San Juan Moun- 
tains, as well as other smaller centers of former 
volcanic activity. Between these ranges on the 
plateau are broad intermontane basins, except 
at the southwest where a large, high, relatively 
undisturbed section of the highland, is known 
as the Colorado Plateau. 

In none of the ranges in the broad Rocky 
Mountain plateau region was the structural 
compression intense enough to produce such 
great low-angle thrust sheets as were formed 
in the belt on the western side of the plateau. 
In most of the front ranges dominant over- 
turning or overthrusting was toward the east, 
but westward overturning or back-thrusting 
along their western borders was not uncom- 
mon at various places on the plateau.’ In the 

5 The writer interprets such structures as r 
resenting the preliminary stage of a thrust mountain 
range, in which a section of the crust moving forward 
on a flat sole (perhaps formed by a deeply-buried 


sill of molten rock or the top of a magma body of 
some other type) breaks across and rides up on a 
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interior ranges directions of movement were 
diverse, 

The over-all impression created by the Rocky 
Mountain front ranges and by the high plateau 
and the diverse ranges on it is that of an incipi- 
ent, partly developed mountain system lying 
in front (i.e. to the east) of the main belt of 
Laramide overthrusting already described. 
Whether crustal disturbances in this region 
were later or earlier than those in the main 
belt of thrusting or were contemporaneous 
with them is an interesting aspect of the prob- 
lem which cannot be elaborated here. Certain 
features suggest that crustal spreading from 
relatively small local magma blisters may have 
occurred in some parts of the area such, for 
example, as that near Cody, Wyoming (pro- 
ducing the Hart Mountain thrusts). 

An important feature of this plateau region 
is the former (in west-central New Mexico and 
northern Arizona, the present) existence of 
magma bodies which, though perhaps they 
never underlay the whole region, must have had 
very considerable size. Even in outlying uplifts 
such as the Black Hills of North Dakota- 
Wyoming and the Bearpaw and Little Rocky 
Mountains of Montana, Cenozoic volcanic rocks 
testify to the former presence of magma there 
also. 
Orogenic activity in various parts of the 
plateau region occurred at several epochs in the 
late Cretaceous and early Tertiary periods. In 
the mid-Tertiary, the Rocky Mountain region 
was all but locally peneplained, or at least 
reduced to a decidedly old-age surface, and 
then in the very late Tertiary the whole Rocky 
Mountain and plateau area was uplifted re- 
gionally, with considerable warping. It still 
stands high as a consequence of that uplift, 
and is now being actively eroded. 

West of the belt of intense Laramide over- 
thrusting lies the Great Basin, or Basin Range 
Province, whose geological and structural fea- 
tures are especially significant to our problem. 
The structure, stratigraphy, and magmatic his- 
tory of the province are broadly similar 
throughout, although varied in detail. The 
province extends as a continuous unit from 
shear plane at an angle of about 40° from the 
horizontal and, in making the bend at the base of 
the inclined thrust plane, suffers compression at 


the top and back-thrusts as it rides up as an in- 
verted wedge (Figs. 2, 4). 
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central Mexico far into Canada, but is most 
typically developed in the section extending 
from northern Mexico to the Canadian line. 
In much but not all of this area, a generally 
thick section of Paleozoic and Mesozoic rocks 
was greatly folded, contorted, and overthrust 
during various of the orogenic spasms preceding 
and including the Nevadan and Laramide 
orogenies. 

Following the various orogenic episodes, but 
especially after the Nevadan and Laramide, 
the region was very extensively invaded by 
magmas, both as extrusions and as intrusions, 
The extrusions were very prominent and seem 
to have covered much or all of the province 
with flow lavas, agglomerates, and associated 
sediments. The lavas ranged in composition 
from rhyolite to basalt, with many alternations 
from one variety to another. These accumulated 
to depths which seem to have been rarely less than 
3000 to 5000 feet, and locally at least 10,000 
feet. The intrusions took forms ranging from 
dikes and small stocks, cutting both the under- 
lying sedimentary rocks and the overlying 
lava flows, to batholiths varying in size up to 
that of the great Idaho batholith of Idaho and 
Montana, whose exposed area is over 16,000 
square miles and whose total area, including 
the parts not yet uncovered by erosion, may 
have been much greater. 

The structural feature most characteristic 
of the Basin, Range Province is block faulting, 
generally of the “normal” or tensional type, 
which breaks the rocks of the entire province 
into large tilted blocks, grabens, and horsts. 
This faulting has been in progress ever since 
the Laramide thrusting ceased and, according 
to Longwell (1950), even during at least the 
later stages of that thrusting. Faulting is sup- 
posed to have been most active in the Tertiary 
period. The faulting, extrusions of lava, and 
intrusions of plutonic bodies have all been 
essentially contemporaneous, though probably 
not all equally active at any one time. 

The lavas of the Great Basin seem to have 
issued mainly from fissures rather than from 
volcanic cones. In various parts of the basin, 
extrusions of lava have continued on a small 
scale into the Quaternary period, but, in the 
northern part of the Great Basin, extensive 
extrusions have continued to the present time, 
and the great Columbia River lava plateau d 
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Idaho, Washington, and Oregon, about 400 
miles wide in an east-west direction and even 
longer north-south, has been formed mainly 
by flows of Miocene and later date. Recent 
flows cover a large area on the Snake River 
plains of Idaho. 

Only a comparatively small part of the 
Columbia River lava plain has as yet been 
disrupted by the block faulting which affected 
most other parts of the Great Basin region 
and which has broken up the older lava fields 
so that their lavas now appear capping the 
back slopes of the tilted fault blocks. In spite 
of its great size, the Columbia River lava 
plain includes only about a third of the total 
area of the Great Basin that was once cov- 
ered by similar lava fields. The other two 
thirds have been broken up by the block 
faulting. 

Descriptions given by Ross (1936) suggest 
to this writer that, at least over large areas, 
the great Idaho batholith may have been a 
giant sill intruded between the base of the 
massive quartzites of the Belt series (late Pre- 
cambrian) and the underlying basement rocks. 
The facts suggesting this interpretation are 
that the roof of the batholith is essentially 
flat; that roof pendants of metamorphosed 
Belt rocks are scattered here and there over 
its top; that Ross’s descriptions do not men- 
tion pre-Belt rocks as being anywhere in con- 
tact with the batholith around its borders; and 
finally, that the thrusts in the Glacier Park 
tegion and those shown in the Phillipsburg 
quadrangle in Montana east of the Idaho 
batholith fail to bring up rocks older than those 
of the Belt series. 

If the Idaho batholith, over large areas, is 
actually either a sill or the top of a bottomless 
magma body, it certainly is large enough so 
that, if its top were domed slightly, crustal 
sliding off its roof might have been of truly 
orogenic proportions. This is significant in con- 
nection with Anderson’s suggestion (1947) of a 
relation of the Idaho batholith to the Laramide 
thrusting. 

SUMMARY: For the Rocky Mountain region, 
we note striking similarity in broad outlines to 
those described for the Appalachians: a moun- 
tainous highland, the “oldland” on one side 
(in this instance probably an earlier thrust- 
mountain range): a geosynclinal downwarp 
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alongside it, into which was poured the debris 
from the destruction of the oldland; orogenic 
movement, with intense thrusting from the 
oldland toward the geosyncline; extensive fault- 
ing of the tensional type in the oldland after, 
and presumably also during, the orogeny; post- 
orogenic emission of vast floods of lava within 
the oldland; the emplacement of batholiths 
within the oldland before, during, and after 
the orogeny; and the post-orogenic sinking of 
the oldland. 

The late Tertiary-Quaternary epeirogenic rise 
of the Rocky Mountain plateau region sug- 
gests that magma generation is still in progress 
there and that the orogenic cycle in the Rocky 
Mountains has not yet run its course. 

It should be emphasized that the enormous 
and widespread outpourings of lava throughout 
the Great Basin region after, and probably 
also during, the Laramide orogeny give evidence 
of the former existance of a great body of 
magma beneath the oldland. Lesser evidences 
of volcanism in the plateau and range region 
east of the main belt of thrusting indicates the 
presence of magma there also. 

Longwell’s observation (1950, p. 427) that 
during the earlier orogenic stages, as they 
advanced from the west across the Great Basin 
region, voluminous outpourings of lava and of 
other volcanic products always occurred within 
and behind the orogenic belts as they advanced 
but did not appear within the areas in front of 
them, is also especially significant as indicating 
the close relation between orogeny and the 
existence of subterranean magma bodies in the 
region from which the orogenic movements are 
directed. 

Antillean arc.—The story of the Antillean 
arc, comprising the larger islands of the West 
Indies on the north, the Lesser Antilles on the 
east, and the coastal ranges of northern Vene- 
zuela on the south, is too meager, by itself, to 
afford convincing evidence for our theme, but 
the fragmental evidence available does seem 
to fit into the same general pattern as that 
disclosed by the Appalachians and the Rockies. 

The mountain system forming the Antillean 
Arc is now partly submerged, so that only the 
tops of the ranges project above the sea as 
islands. The system has a general horseshoe 
shape, with the arc convex to the east, and the 
west end open. The central area that would 
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correspond to the oldlands of Llanoria and 
Appalachia, and from which both the sediments 
of the bounding ranges and the thrusting must 
have come if the analogy is valid, is now sub- 
merged beneath the Caribbean sea. 

That the basin in which the Caribbean sea 
now lies has been a focus of dynamic movement 
since early Cretaceous time was clearly recog- 
nized by Willis (1932, p. 924-928) who pointed 
out the fact of outward thrusting around the 
margins of that basin and that the active 
forces must have come from within the basin 
rather than from the outside. 

Confirmation of this, and clear evidence that 
much if not all the basin was a land area during 
Mesozoic and Tertiary times, is found in the 
sediments and geologic history of the lands 
constituting the partly submerged mountain 
arc. 
In Cuba (Palmer, 1945), folding and thrust- 
ing directed toward the north began in late 
Jurassic or early Cretaceous time, and con- 
tinued intermittently until late Tertiary, with 
one of the most intense orogenic spasms oc- 
curring in the Middle Eocene. Thrusting, struc- 
tures, and assymmetry of the folds show that 
the active force came dominantly from the 
south. In some places, as in Pinar del Rio 
(Palmer, 1945) and in the Cubitas mountain 
block of Camaguéy (Thayer and Guild, 1947), 
it came from a northerly direction, but such 
exceptions are probably back-thrusts of local 
extent. 

That a land mass, now missing, lay to the 
south of Cuba during Cretaceous time is clearly 
shown by the distribution of clastic sediments 
in the rocks of that age. These thicken and 
coarsen southward, a condition especially con- 
spicuous in the Habana formation of Upper 
Cretaceous age in which conglomerates inter- 
bedded with shales, sandstones, and tuffs not 
only thicken and coarsen toward the south but 
include pebbles of metamorphic and plutonic 
rocks not now to be found in Cuba. Large 
quantities of Cretaceous tuff, increasing in 
thickness toward the south, show that volcanoes 
of the explosive type lay somewhere not far 
away in that direction. 

That the land mass which furnished the 
clastic sediments and the volcanoes which 
ejected the pyroclastic rocks of Cuba must 
have lain to the south, rather than to the north, 
is further proven by the results of deep wells 
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drilled in southern Florida (Pressler, 1947) ang 
on Andros island in the Bahamas (Spencer, 
M., 1949). In those wells, at depths ranging 
from 12,000 to over 14,000 feet, rocks domi. 
nantly calcareous were found all the way down 
into the lower part of the Lower Cretaceous, 
These results, together with the fact that the 
northern facies of the Cretaceous section of 
Cuba is composed of enormously thick lime. 
stones, while rocks of the same age in the 
southern part of the island contain large quan- 
tities of clastic and volcanic materials thicken. 
ing southward, prove definitely that the land 
mass which supplied Cuba’s clastic sediments 
must have lain to the south, rather than to the 
north. 

In late Tertiary and Pleistocene times, most 
of Cuba was uplifted regionally without much 
folding, as is shown by the distribution of late 
Tertiary limestones and of Pleistocene terraces 
bordering the island. At the same time, the 
southeastern border of Cuba experienced ex- 
tensive normal faulting as it collapsed into the 
Bartlett Deep. 

The islands of Hispaniola and Puerto Rico 
show similar histories of compression and 
thrusting directed toward the north, as well as 
of vulcanism and of regional uplift continuing 
until Recent times (Small, 1948; Meyerhof, 
1933; 1946; McGuinness, 1947). 

The Lesser Antilles between Puerto Rico and 
Trinidad offer comparatively little evidence as 
to their geological history. They are composed 
mainly of relatively recent volcanoes and their 
products, standing on a basement of older 
volcanic rocks (Spencer, 1901). 

Along a line which he called the “great 
Antillean Dislocation” running through the 
central plain of Antigua, thence between Guade- 
loupe and Grande Terre, and between Dominica 
and Marie Galante and thence southerly, 
Guppy (1911) considered that a profound fault 
separates the volcanic islands on the west from 
a non-volcanic, dominantly limestone terrain 
on the east. These limestones are exposed i2 
the eastern half of Antigua, in Grande Tene, 
Marie Galante, and Barbados. 

Of the oldest rocks on the island of Barbados, 
the Scotland series (Lower and Middle Eocen®), 
Guppy says: 

“At Chalky Mount I saw a coarse conglomerate, 
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Some of the conglomerates were of quartzose 
pebbles and sand, and seemed to be fluviatile. 
This occurrence strongly suggests that in 
Eocene time a land with metamorphic rocks at 
its surface lay not far away. The most likely 
position would seem to be to the west, for such 
a location with respect to the trend of the ad- 
jacent mountain arc would be analogous to 
that of the metamorphic ranges along the 
northern coast of Venezuela. 

Along the northern coast of Venezuela, the 
conditions are analogous to those in Cuba, 
with reversal of direction. The coastal moun- 
tains are composed of metamorphosed rocks 
thrust southward toward and over the Vene- 
muelan geosyncline. Along its northern border 
the geosyncline contains many coarse conglom- 
erates of Cretaceous and later age which thicken 
and coarsen toward the north, indicating their 
derivation from a vanished land mass (called 
Paria by Guppy, 1911) situated at the north, 
where Caribbean sea now lies (Hedberg, 1937; 
1942; Hedberg and Pyre, 1944). 

An essentially similar history, with strong 
documentation from the literature, was pre- 
sented recently by Bucher (1947) who clearly 
recognized: (1) the necessity for a land area 
where now is Caribbean sea; (2) the former 
existence of deep-sinking geosynclines bordering 
it; and (3) the evidence of thrusting outward 
from it. He differed from Willis and the writer 
in ascribing the active compression to forces 
from the outside instead of from within the 
area that is now the Caribbean basin. 

The Antillean arc as a whole exhibits a 
feature characteristic of arcuate mountains 
throughout the world in that the volcanoes 
lie along the inside of the arc. Not only does 
the present position of the volcanoes of the 
Lesser Antilles show this, but volcanic elements 
in the sediments of northern Venezuela ob- 
viously had their origin to the north, and similar 
elements in the Cretaceous and later sediments 
of Cuba and other islands of the West Indies 
could have come only from volcanoes lying to 
the south. This distribution pattern corresponds 
to that of the volcanoes in existence in the 
Appalachian mountain belt during the active 
stages of Appalachian orogeny. 

The geosyncline to the south in Venezuela 
and that which occupied northern Cuba cor- 
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respond in relative position to the Appalachian 
geosyncline and to the Cretaceous Rocky 
Mountain geosyncline. Bucher emphasizes the 
fact that these geosynclines were relatively 
narrow troughs bordering the landmass occupy- 
ing the site of the Caribbean. The post-orogenic 
sinking of the Caribbean oldland is analogous to 
that of the oldlands of Appalachia and Llanoria, 
and, even in more detail, apparently like that 
of central New England following the Taconic 
orogeny, when the area behind the thrusts of 
that orogeny sank and received thick sediments 
during the Lower and Middle Devonian. 

Of prime significance is the strong positive 
gravity anomaly of the sunken Caribbean basin 
(Hess, 1942; Daly, 1939a). Positive gravity 
anomalies seem to characterize basins enclosed 
by mountain arcs (Meinesz, 1937; Jones, 1937; 
Daly, 1939a; and others). This suggests that 
the basins may be underlain by especially 
heavy rocks close to the surface. Applied to the 
Caribbean basin, this generalization suggests 
that the basin may be floored by thick accumu- 
lations of basic lavas. If so, it would be ana- 
logous to the Triassic area east of the Appalach- 
ians and to the Great Basin and Columbia 
lava plateau region west of the Rocky Moun- 
tains—both in similar positions with respect 
to the thrusting which produced the mountain 
ranges. The Coastal Plain area of Texas also 
has a tendency toward positive anomalies 
(White, 1924), even though the lightness of the 
sediments which underlie its surface would 
normally produce negative anomalies. That 
region, too, is in such a position with respect 
to the Appalachian fold-thrust zone that its 
positive anomalies may be caused by basic 
rocks hidden beneath the sediments of the 
Coastal Plain. Such rocks outcrop along its 
western border and have been revealed by 
wells at numerous places east of the outcrop. 

In summary: If the area now occupied by the 
Caribbean sea is considered as having been a 
land mass analogous to Appalachia or Llanoria, 
the Antillean arc reveals most of the features 
characteristic of the Appalachian mountain 
system: an oldland supplying sediments to a 
geosyncline developed along its border; thrust- 
ing from the oldland toward the geosyncline, 
forming fold-thrust mountain ranges; volcanic 
activity, yielding material of intermediate type, 
in and immediately behind the thrust area; 
repeated orogenic movements at considerable 
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intervals; final break-up and sinking of the 
oldland; and isostatic regional rise of the fold- 
thrust belt. 

te The similarity of the life history of the 
Antillean system to that of the Appalachians 
and other mountain systems is striking, even 
though the Antilles are partly submerged. 

Hercynian system of Central Europe.—The 
Hercynian mountain system, comparable in 
age with the Appalachians, represents one of 
the world’s greatest compressional mountain- 
making events. The system is best developed 
and best known where it crosses Central Europe 
from northern France and Belgium eastward 
in a great northward-convex arc extending 
through central Germany, passing north of the 
Harz Mountains, and thence southeast into 
southern Silesia. There, its structures disappear 
beneath the later thrust sheets of the Car- 
pathian arc. 

There is a voluminous literature on this 
mountain system. Only a few of the original 
sources are cited here. Perhaps the best con- 
densed summaries are by F. E. Suess (1929) 
and van der Gracht (1938), who cite numerous 
references. 

The life history of the Hercynian sys- 
tem, like that of the Appalachians, began 
with an elevated oldland on one side (in this 
instance on the south) bordered all along its 
northern edge by a geosyncline which caught 
the voluminous sediments poured into it during 
the early and middle Paleozoic from the pe- 
riodically-rising mountainous highlands to the 
south, and perhaps also from northern sources. 

During the Devonian and Lower Carbonif- 
erous, the geosynclinal filling was of flysch 
type. As the mountains of the oldland grew in 
height and encroached northward over the 
southern border of the geosyncline, coarser 
materials of the molasse type were deposited. 

Orogenic spasms, with pressure directed al- 
ways northward away from the oldland, oc- 
curred at intervals from late Devonian to early 
Permian, and a complex system of overlapping 
thrust sheets was formed. After each spasm of 
thrusting, the axis of the foredeep migrated 
outward (i.e. in general northward). Deep- 
water sediments were laid down in its bottom 
at various periods, but in general the depression 
was kept fairly well filled by the erosional 
products from the oldland to the south. The 
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encroachment of the thrust zone from the 4 


south was so great that the original site of the 
geosynclinal axis was locally completely over. 
ridden by the thrust sheets. The progressive 
northward migration of the axis of the geo. 
syncline and of the thrusting produced inter. 
esting facies superpositions: 

“The front of the European mountains lies al. 
ready very much on the outer edge, if not beyond the 
original geosyncline (Paleozoic Tethys), with its 
Devonian to lower-Carboniferous deposits in flysch 
facies. It encroaches upon the next succeeding 
stage, the upper-Carboniferous foredeep, with its 
molasse deposits, overlying a limestone facies of 
the lower Carboniferous. Some of the molasse belt 
is overridden by the folds and thrusts of the con- 
cluding orogeny, the Asturic phase of Stille” (van 
der Gracht, 1938, p. 1369). 


Southward (or inward toward the oldland) 
one finds a progressive change toward greater 
metamorphism and more abundant intrusive 
rocks (F. E. Suess, 1929). In the more northerly 
frontal zone, strong folds and thrusts are preva- 
lent, but no batholiths and little or no meta- 
morphism. In the next zone to the south 
(southern Rhenische Schieferberge, Harz, 
Taunus), metamorphism is noticeable and scat- 
tered batholiths appear. In the third zone, 
the crust must have been raised up from still 
greater depths, for the rocks are highly meta- 
morphosed crystallines, and intrusions are nu- 
merous. This zone grades southward into a 
fourth, in which intrusions predominate, the 
metamorphism is largely of the thermal type, 
and the schistosity tends to wrap around the 
intrusives instead of showing any prevalent 
trends. This is Suess’ zone of “intrusion tec- 
tonics’’. 

All but the inner of these zones are believed 
by the writers cited to contain many flat over- 
thrusts. The nature and high degree of meta- 
morphism of the inner Zones suggest that either 
they have been lifted up from great depth or 
have lain close above the top of some great 
magma body; or perhaps both. 

Farther south, Kossmat (1927) distinguishes 
another zone in the Carnian Alps and in the 
Iberian peninsula which seems to be a southem 
reversed flank of the Variscan (Hercynian) 
system, wherein thrusting was directed south 
ward. 

After the close of the Hercynian orogely 
epeirogenic uplift raised the newly-maie 
mountains and their immediate foreland. Wide 
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spread erosion followed . . .” (van der Gracht, 
1938, p. 1423). In the Hercynian oldland area 
behind the later thrust zones, intramontane 
basins developed and the oldland began to 
break up into grabens and fault-block ranges 
such as the Rhine Graben, the Schwarzwald, 
the Vosges, and numerous other smaller blocks, 
and to sink beneath the sea so that during the 
Mesozoic most, if not all, of the former oldland 
was receiving sediments. In many localities the 
earliest of these were continental conglomerates 
and red beds, but later deposition was mainly 
marine. 

The tensional type of break-up of the Her- 
cynian oldland continued at least through the 
Jurassic and into early Cretaceous time (Collet, 
1927, p. 135-136), and was accompanied by 
extensive volcanic activity, whose products 
were generally basic. 

Contrary to the prevailing idea that the 
ophites, serpentines, and other basic rocks of 
the Alpine region were poured or intruded into 
the bottom of the Alpine geosyncline during 
its early stages, the writer’s study of the litera- 
ture of the Alpine and western Mediterranean 
regions leads him to the belief that the evidence 
strongly favors the idea that the igneous rocks 
in question are related to the episode of post- 
orogenic stretching, with its accompanying igne- 
ous effusions, that followed the Hercynian 
orogeny, rather than to the formation of the 
Alpine geosyncline or to Alpine orogeny. 

This review of the life history of the Her- 
cynian mountain system reveals a striking 
parallelism with the history of the Appalachian 
system. The Hercynian oldland, its accompany- 
ing geosyncline, paroxysms of thrusting fol- 
lowed by regional rise and planation of the 
mountain mass, stretching and block-faulting 
of the eroded oldland, with effusions of domi- 
nantly basic lavas, and the eventual sinking of 
the oldland, all repeat in sequence the story of 
the Appalachian system. The inner zones of 
the oldland in south-central Europe show the 
same features of high metamorphism and domi- 
nance of intrusions as in the Piedmont region of 
eastern United States east of the Blue Ridge; 
and the late-Permian-early Mesozoic down- 
breaking and later sinking and burial of the 
oldland in southern Europe has its parallel 
east of the Blue Ridge in the belt of Triassic 
block-faulting and lava emissions, followed by 
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sinking of the area to the east. The only es- 
sential difference seems to be that in Europe a 
new geosyncline, the Alpine, developed in this 
post-orogenic sunken area and went through a 
typical orogenic cycle, while in eastern United 
States and adjacent parts of the Atlantic no 
such development has yet occurred. 

The Urals—The Ural mountain system, like 
the Appalachian and Hercynian systems, has 
completed the full cycle of mountain develop- 
ment. Only a generalized discussion is possible 
because detailed first-hand information is not 
readily available, and the eastern side of the 
area affected has been buried under Cretaceous 
and later sediments, so that the history there 
is hidden. Enough is known, however, to permit 
judgment as to whether or not the range fits 
into the general pattern. 

A generalized cross-section of the Urals at 
about Lat. 524 N., which may be taken as 
fairly typical, shows flat-lying Permo-Triassic 
rocks at the west grading eastward into a 
disturbed belt of long, gentle folds involving 
the section from the Ordovician to the Permian. 
East of this folded belt comes a zone of over- 
thrusts with movement toward the west, bring- 
ing to the surface the Cambrian and Precam- 
brian metamorphic and igneous rocks which 
form the main ridge of the Urals. 

East of the main ridge, over a width of about 
200 miles in this latitude, is a very complex 
region of north-south-striking metamorphosed 
Paleozoic sediments and igneous rocks intruded 
by large granite batholiths as well as by basic 
rocks of various kinds. 

A high-angle fault locally separates the main 
metamorphic ridge from this eastern complex. 
Overturning to the east, analogous to that of 
the eastern Appalachian Piedmont, occurs in a 
belt 30 to 40 miles east of this ridge. What the 
structure may be in the extreme eastern portion 
of the disturbed zone east of the belt of east- 
ward overturning is not known because that 
region is buried under later sediments. 

The whole area of complex structure east of 
the main metamorphic ridge has been meta- 
morphosed to various degrees. The Carbonifer- 
ous coals have been changed to anthracite and 
the older igneous rocks to green schists. (For 
further details, see Safonov, 1937; Prigorovsky, 
1939.) 

This cross-section of the Urals is closely 
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comparable to that of the central Appalachians. 
The flat-lying rocks of the Allegheny Plateau 
on the west, the folded Appalachians, the 
thrust belt, and the Piedmont with its meta- 
morphic rocks and batholithic intrusions east 
of the higher mountains all have their analogues 
in the Urals. 

As in the history of the Appalachians, the 
region from which the thrusting came has sub- 
sided and is now buried under Cretaceous and 
later sediments. 

Following the orogenic activity, a long-con- 
tinued period of erosion reduced the mountain 
belt to a very old-age surface. Later, the Urals, 
like the Appalachians, were regionally uplifted 
and are now being actively dissected by streams 
(Gulliver, 1899). 

Alpine-Himalayan Mountain System.—The 
Alpine-Himalayan system comprises the Alps, 
the Carpathians, the mountains bordering the 
western Mediterranean, and a great complex 
of compressional ranges, plateaus, and basins, 
all of related age, stretching from Gibraltar 
eastward to the Himalayas and the East Indian 
arcs, and including the plateau of Iran with its 
bordering mountain ranges (Pl. 1). 

This one system seems to represent most 
stages of the mountain cycle, from the early 
stage in which the oldland is still present as a 
highland, or “median mass”, shedding sediment 
to adjoining synclinal troughs still being en- 
croached upon by active folding and thrusting 
(Iranian ranges), to the late stage when the 
oldland has already foundered beneath the deep 
sea (Western Mediterranean). 

Since the system as a whole is much younger 
than the Appalachian and Hercynian systems, 
we need not be surprised that the later stages 
of the cycle are not generally represented. 

The essential features of the great Alpine- 
Himalayan region, as they bear on our problem, 
will be stated briefly, with reference mainly to 
generalized descriptions of the regions (Collet, 
1927; Hettner, 1926; 1927; E. Suess, 1909; 
Leuchs, 1935). The original papers are cited 
in these works. 

THE ALPS: In late Permian-early Triassic 
time, a geosyncline began to develop on the 
south of the site of the Alps and continued to 
deepen until the latter part of Mesozoic time, 
when orogenic movement from the south began 
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to fold and thrust northward part of its sedi. 
mentary contents. At intervals through the 
late Mesozoic and Tertiary periods, northward 
thrusting was repeated, with the formation of 
great overthrust sheets (nappes and Decken) 
which piled one on top of another into a struc. 
ture of great complexity (Collet, 1927), The 
thrusting brought up not only the sediments 
from the bottom of the geosyncline but also 
great slices of the more or less metamorphosed 
basement rocks, proving that the thrusting 
was not confined to the sedimentary rocks, 

As thrusting and the growth of the mountain 
range progressed, gravels and sands derived 
from its erosion (molasse) spread out along the 
northern side of the range and were later over. 
ridden by the thrust sheets of succeeding 
orogenies. 

A belt of intense deformation along the south 
side of the range represents the root zone of the 
various nappes. South of this root zone, the 
rocks are back-thrust toward the south, at 
least along the eastern part of the range. 

Back-thrusting toward the south, generally 
considered a secondary phenomenon (Fig. 2), 
is discussed more fully later. 

After thrusting had ceased late in the Terti- 
ary, the range was reduced by erosion to moder- 
ate relief. Later it was regionally uplifted e- 
sentially as a unit and dissected by streams and 
glaciers to produce the present relief (Martonne, 
1915; Heim, 1918). This uplift was explained 
by Heim as caused by isostatic rise following 
erosion of the piled-up mountain mass which 
previously had sunk because of its weight, but 
which became too light again after erosion had 
removed much of the mass of the original 
range. 

Following the end of compressional activity, 
late in the Tertiary, the former oldland, from 
which much of the sediment had come and 
from which the thrusting pressure was directed, 
sank locally to produce the Adriatic sea and 
probably adjacent parts of the Mediterraneam 
basin. (Compare Seidlitz, 1931.) 

Perhaps contemporaneously with the sinking 
of these portions of the oldland, certain othet 
portions, which had not completely lost theif 
capacity for outward spreading, perhaps be 
cause active magma bodies still lay beneat® 
them, continued effective. One such portion= 
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that underlying the Hungarian basin and the 
central part of the Balkan plateau—pushed 
southwest, south, and southeast to produce 
the Dinaric Alps and Pindus ranges that now 
border the Adriatic sea on the northeast, and 
the partly submerged mountain loop passing 
through Crete and Rhodes. Another portion 
seems to have spread outward in all directions 
from the site of the present Western Mediter- 
ranean basin to produce the northeastwardly- 
directed folds and thrusts of the Apennines, 
the inner ranges of the Atlas in North Africa, 
the Betic Cordillera in southern Spain, and 
perhaps the Provencal folds of southern France. 
Following, or perhaps contemporaneously 
with the Dinaric, Apennine, Atlas, and Betic 
thrusting, both the Hungarian basin and the 
Western Mediterranean basin sank—the first 
to a relatively low level with respect to its 
surroundings; most of the other beneath the 
sea. 
The life history of the Alpine system repeats 
in sequence of events the life histories of all the 
other mountain systems thus far reviewed. 
MOUNTAINS BORDERING THE BASIN OF THE 
WESTERN MEDITERREAN—THE APENNINES, THE 
ATLAS, THE BETIC CORDILLERA, THE CATALO- 
NIAN MOUNTAINS, AND THE PROVENCAL FOLDS: 
The mountain chains bordering the basin of the 
western Mediterranean, all of the compressional 
type, all show folding and thrusting directed 
outward from that basin—northeast in the 
Apennines, south in Sicily and the Atlas ranges, 
northward in the Betic Cordillera of southern 
Spain, northwest in the Catalonian mountains 
bordering the northeast coast of Spain, and 
north in the Provencal folds of southern France. 
Of the geosynclinal phase preceding the 
thrusting in these ranges we find little mention 
in the earlier general papers consulted (Collet, 
1927; Hettner, 1927; E. Suess, 1909), but con- 
siderable specific information appears in more 
recent papers. Cizancourt (1932) specifically 
States that geosynclinal sediments play little 
part in the outer ranges of the Atlas, but were 
well-developed in the inner ranges. Anderson 
(1936) shows that irregular subsiding basins 
existed in northern Algeria throughout the 
Tertiary, associated with contemporary de- 
formation by pressure from an oldland to the 
north, now sunk beneath the Mediterranean. 
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However, the role of the geosyncline appears 
much less important in these ranges than in 
the Alps, the Hercynian mountains, or the 
Appalachians, though the difference may be 
one of scale only. 

We have abundant evidence of the post- 
orogenic sinking of the western Mediterranean 
oldland: first, in the existence of the deep 
basin of the Mediterranean in the area which 
was the center from which the thrusting radi- 
ated; second, the remnant oldland blocks of 
Corsica and Sardinia, still exposed above sea 
level; third, the late Tertiary conglomerates of 
the Apennines and of the Catalonian mountains, 
containing pebbles that could have come only 
from where now is deep sea (E. Suess, 1909, p. 
218, 231, 232); and fourth, from the Atlas 
region, the many lines of evidence cited by 
Anderson (1936, p. 429 ff.), particularly the 
coarsening of Eocene and Miocene sediments 
toward the coast, the presence during Miocene 
time of a volcanic belt off shore, and the oc- 
currence of areas of older metamorphic rocks 
here and there in the coastal region. 

The post-orogenic collapse of this Western 
Mediterranean oldland is shown also in Italy 
where, west of the Apennines in the stretch 
from Florence to south of Rome, a _ block- 
faulted terrain of old rocks lies between the 
west side of the Apennines and the sea. 

Evidences of vulcanism, either accompanying 
or following the collapse, are displayed ex- 
tensively in the belt curving along the basin- 
ward side of the fold-thrust arcs—notably along 
the southwestern side of the Italian peninsula 
from north of Florence to Sicily; on the islands 
in the straits between Sicily and Africa; and, 
according to Suess and Anderson, in the inner 
range of the northeastern Atlas off the coast 
of Tunisia and off the coast of Algeria. Volcanic 
rocks occur also along the south side of the 
Betic Cordillera in southern Spain. Sardinia, 
in the interior of the Western Mediterranean 
basin, shows extensive volcanic activity. There, 
Washington (1914) described a sequence of 
volcanic rocks which he ascribes to differ- 
entiation of a single magma of a rather basic 
type. Both broad cones and fissure eruptions 
were produced. 

As was said earlier, the history of the Western 
Mediterranean basin and its surrounding moun- 
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tain chains seems to be especially significant to 
our problem and we will return to it later when 
discussing possible explanations of the typical 
mountain life cycle, of which this basin, like 
the other regions already described, illustrates 
most of the stages. 

CARPATHIANS: The Carpathians are a direct 
continuation of the northern Alps. They com- 
prise a prominent northeasterly- and easterly- 
convex arc surrounding the Hungarian basin 
on three sides. They show the features char- 
acteristic of the other mountains described: a 
geosyncline along the outer side of the arc 
which has been folded and overthrust outward, 
forming extensive nappes similar to those of 
the Alps, but on a somewhat smaller scale. 

The oldland from which the thrusting was 
directed has now subsided to form the Hun- 
garian basin in which block-faulted ancient 
rocks are revealed, with evidence of consider- 
able vulcanism shown by volcanic rocks dis- 
tributed both along the inner margin of the 
mountain arc and well within the basin. Ex- 
posures in the central part of the basin are few, 
however, because its extensive sinking, across 
the path of the great Danube river, has caused 
widespread alluviation. 

The Hungarian basin, like that of the West- 
ern Mediterranean, is almost completely ringed 
by outward-thrust ranges. The exception occurs 
along its southern side, west of the place where 
the Danube breaks through the bordering range 
near the Iron Gate. This area is described 
(Hettner, 1927) as a characteristically block- 
faulted oldland of relatively old rocks which 
connects the Hungarian basin with the much 
wider block-faulted “median mass” of Mace- 
donia and southern Bulgaria. 


THE BALKAN, ANATOLIAN, AND IRANIAN PLA- . 


TEAUS, WITH THEIR BOUNDING MOUNTAINS: The 
fold-thrust belt of the Dinaric Alps continues 
southeast through western Greece as the Pindus 
Mountains, and reappears in the island of 
Crete. Thence it turns northeast to enter Asia 
Minor west of the Gulf of Adalia. From north 
of that Gulf it bends southeast in another arc— 
the Toros mountains—, which finally turns 
northeast and continues thus in a general 
northeast direction to a knot-like area at the 
junction with the northwestern part of the 
Iranian plateau (Hettner, 1926; Lahn, 1948; 


Blumenthal, 1948). An outer arc runs through 
Cyprus and northern Syria toward a possible 
but not well defined connection with the inner 
arc farther north in southern Armenia. 

From the highlands of Armenia in the yj- 
cinity of Lake Van, the Zagros ranges of Tran, 
which bear a relation to the Iranian plateay 
analogous to that of the Toros Mountains to 
the Anatolian plateau, stretch southeastward 
to the eastern end of the Persian Gulf, whence 
a mountain arc which appears to be their con- 
tinuation loops to the south through Oman and 
disappears beneath the Arabian Sea. Its prob- 
able continuation, or at least its analogue, 
appears again in the ranges which come out of 
the sea near Karachi, India, and continue 
thence northward to form the eastern bounding 
ranges of the Iranian plateau. 

Turning now to the northern border of the 
plateaus of the Balkans, Asia Minor (Anatolia) 
and Iran, we find that the Carpathian arc which 
crosses the Danube at the Iron Gate tums 
south and then east as the Balkan Mountains, 
which trend east and disappear beneath the 
waters of the Black Sea. They, or their struc- 
tural analogues, reappear in the Crimea and 
the Caucasus. The latter range or its structural 
continuation appears to cross the Caspian Sea 
to the vicinity of Krasnovodsk, whence it 
turns southeast to join the mountains that 
mark the northern border of the Iranian plateau 
(Hettner, 1926, p. 75). 

A second, inner’ line of mountains bordering 
the Anatolian and Iranian plateaus on the 
north follows the Black Sea close to its southern 
shore to its eastern end at Batum. Thence 
either its direct continuation or a structural 
analogue continues as the Elburz range, lying 
between the south end of the Caspian Sea and 
the Iranian plateau. East of the southern end 
of the Caspian, the eastern continuation of the 
Elburz is joined by the presumed eastward 
continuation of the Caucasus, as already des- 
cribed, and continues toward the east to join 
the Hindu Kush. The poorly defined mountains 
bordering the Anatolian plateau on the north, 
from what meager descriptions the writer has 
been able to find (Tromp, 1947; Blumenthal, 
1948; Lahn, 1948), appear to be thrust mainly 
outward toward the north, but thrusting south- 
ward toward the plateau is common, though 
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from the descriptions, it may be mainly second- 
ary back-thrusting. 

The structure of the Elburz range is compli- 
cated. Earlier observers reported decided south- 
ward thrusting along its southern side, but 
northward thrusting farther north. Baier (1940) 
thought that the northern part of the range 
may have sunk out of sight. In a late paper, 
Bailey, Jones, and Asfia (1948) report that 
about 18 miles E-NE of Teheran they found 
dear evidence of strong overthrusting toward 
the north in late Cretaceous or early Tertiary, 
followed, probably in late Miocene, by a second 
spasm of intense folding. 

The mountains of the Toros system bordering 
the southern side of the Anatolian plateau 
seem, in general, to be thrust in a southerly 
direction away from the plateau, but descrip- 
tions differ. Local northward thrusting is cer- 
tain, but as nearly as can be determined from 
the descriptions, it is mainly on the plateau 
side of the fold-thrust mountain belt and es- 
pecially near the ends of the various mountain 
arcs (See Tromp, 1947; Blumenthal, 1948). A 
belt of volcanoes presently or recently active, 
lies along the inner, plateau-ward side of the 
Toros range and its northeastern continuation. 

The mountains comprising the Zagros and 
other ranges bordering the Iranian plateau on 
the southwest clearly show movement south- 
westward away from the plateau. A wide belt 
of long, regular folds at the southwest is suc- 
ceeded northeastward by one of strong over- 
thrusting toward the southwest, with slices 
containing the older, pre-Cretaceous rocks; and 
the latter belt is in turn followed by a broad 
zone of highly metamorphosed and crystalline 
rocks that locally has been thrust southwest 
across the two preceding zones (Béckh, Lees, 
and Richardson, 1929, p. 118-135). 

Somewhat farther east, in a belt east of a 
line connecting Nain and Yezd, metamorphosed 
Jurassic rocks are thrust toward the northeast, 
evidently in a zone of back-thrusting which 
may represent the eastern border of the highly 
disturbed belt of the Zagros ranges (Baier, 
1940). 

The interior part of the Iranian plateau is 
comparatively little known. The most com- 
prehensive description of its geology was com- 
piled by Clapp (1940), but the most compre- 


hensive account of its tectonics is probably 
that given in “The Structure of Asia”, supple- 
mented by two recent papers by Lees (1940; 
1946). According to all these accounts, the 
region is complex. It is typical of what Béckh, 
Lees, and Richardson have called a “Median 
Mass” such as the Hungarian basin or the 
Caribbean. According to Lees, all these are 
essentially like Kober’s “Zwischengebirge”. 

In the interior of the Iranian median mass, 
Cambrian and other Paleozoic and Mesozoic 
rocks, generally of only moderate thickness 
and rather patchy distribution, overlie still 
older crystalline and metamorphic rocks. Ten- 
sional faulting and basin sinking have been 
extensive, and many relatively short mountain 
ranges, without any prevalent trend, rise above 
the basins. “No alpinotype movements are 
known in the Median Mass” (Béckh, Lees, and 
Richardson, 1929, p. 137, 148). Volcanic rocks— 
lavas, agglomerates, and minor intrusives of 
Tertiary to Recent ages—are abundant and 
widely distributed. 

The whole inner plateau region throughout 
its entire length from southern Hungary 
through the Balkans, Asia Minor, and Iran, 
seems to have suffered tension and _ block- 
faulting more or less contemporaneously with 
the formation of the compressional mountains 
along its borders. The faulting has been ac- 
companied by vulcanism, with copious lava 
flows, thick agglomerates, and tuffs, and with 
minor formation of dikes and other intrusions 
continuing from early in the Tertiary to the 
present. 

In this great region, the oldlands, geosyn- 
clines, and fold-thrust mountain ranges all occur 
in the same general relation as in the older 
mountains described, but neither the geosyn- 
clinal nor the orogenic cycle has as yet run its 
full course, and the post-orogenic (and pre- 
sumably also syn-orogenic) tensional stretching 
and rifting of the central oldland, with its 
accompanying emissions of lava, has not yet 
reached the stage of profound break-up and 
subsidence which seems characteristically to 
follow the final stages of orogenic activity. 

THE HIMALAYAS: The Himalaya mountains, 
well known as a great compressional mountain 
system, have been thrust from the north toward 
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and over the northern border of the Himalayan 
or Gangetic geosyncline. 

North of the great fold-thrust range lies the 
high plateau of Tibet which, except for its 
greater altitude, is analogous to the median 
mass that constitutes the Iranian plateau. The 
Tibetan plateau is a region of ranges and basins 
of moderate relief, in the old-age stage of the 
physiographic cycle, that has been regionally 
uplifted to its present great height. Its basement 
consists of greatly eroded Paleozoic and older 
rocks of complex structure over which lies a 
patchy cover of Mesozoic sediments of generally 
moderate thickness. This Mesozoic material is 
reported to have come from a northerly direc- 
ion and to thicken toward the south and change 
from shallow- to deep-water facies in that 
direction. On the plateau lie great masses of 
basalt and related effusive rocks of relatively 
recent age. The Mesozoic cover has been broken 
in the course of the formation of the ranges 
and basins, but has been only moderately 
deformed (Leuchs, 1935; De Terra, 1934; 1936). 

The folding of the Himalayas, accompanied 
by vulcanism and southward thrusting off the 
Tibetan median mass, began in the Upper 
Cretaceous period. A second episode of great 
activity came in Oligocene to Lower Miocene. 
Secondary back-folding to the north is reported 
by De Terra (1934). 

The history and associations of the Him- 
alayas evidently are similar to those of all the 
other ranges studied but, like those bordering 
the Iranian plateau, this range evidently has 
not yet run through the entire cycle. 

EAST INDIAN ARC: One of the best known and 
most discussed of the great mountain arcs is 
that of the East Indies described by Molen- 
graaff (1914); Umbgrove (1934, p. 140-178); 
Schuppli (1946); Brouwer (1925); and many 
others. 

Here the essential features with which we 
have become familiar are repeated—the geo- 
synclinal depression in front of the mountain 
arc; thrusting toward the geosyncline; and the 
oldland or median mass behind the arc (now 
partly submerged) comprising Borneo, part of 
the China Sea and the Java Sea. We find also 
the characteristic volcanic belt following the 
inner side of the mountain arc. 

But in the East Indies the conditions are 


somewhat different from those previously de- 
scribed in this review because the arc is being 
thrust toward the deep sea. A deep-sea trough 
or foredeep, instead of a sediment-filled geo. 
syncline, lies in front of it and a drowned equi- 
valent of the “oldland”, instead of a high pla- 
teau, lies inside the arc. But the drowned 
“oldland” stands topographically higher above 
the adjacent floor of the ocean outside the are 
than the Iranian plateau does above the Meso- 
potamian geosyncline. The foredeep geosyn- 
cline, however, is not in position to be filled 
rapidly because the drowned condition of the 
“oldland” precludes sediment from that source, 
and of course no terrigenous sediment can come 
from its oceanward side. Its sediment supply 
is therefore restricted to what is yielded by the 
parts of the mountain arc which stand above 
the sea, plus that derived from pelagic or- 
ganisms. 

Within the oldland area, Borneo is crossed 
by compressional mountain chains, now in 
various stages of destruction by erosion, which 
suggest earlier stages in the development of the 
East Indian mountain arc. (Compare Tokuda, 
1936). 

A ring of active volcanoes such as so charac- 
teristically follows the inside of a mountain arc 
is better displayed in the East Indies than in 
any other of the regions we have studied. 

The great transverse faults along the sides of 
the arc in Sumatra and in the Philippines seem 
to be analogous with the Bartlett Deep south 
of Cuba and with the great transverse fault 
extending along the coastal region of northern 
Venezuela and crossing southern Trinidad. 

The mostly drowned oldland region within 
the arc shows consistently positive gravity 
anomalies. In this respect it is like other regions 
in analogous positions (Caribbean, Western 
Mediterranean, Hungarian basin). 

Andean mountain system.—Although de- 
tailed knowledge of many structural features of 
the Andean mountain system is lacking, the 
broader outlines seem to be sufficiently well 
established to serve our purpose. As pointed 
out in the abstract of a paper which the writer 
has in preparation (Rich, 1939; 1942b), the 
Andes throughout their course from the north- 
ern end of the fiord belt in southern Chile 
north at least into Colombia, show dominant 
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thrusting toward the east and, in parts of their 
course, well-developed Appalachian type fold- 
ing of the sedimentary rocks east of the main 
mountain range (Heald and Mather, 1922). 

Along the western side of the High Andes, a 

belt of intense disturbance with crushing, shear- 
ing, and overthrusting seems to correspond 
dosely with the descriptions of the root zone of 
the nappes in the southern Alps. This feature 
has not been adequately described or empha- 
sized. 
West of the High Andes, is an old-age block- 
faulted region which seems in places to be 
collapsing into the Pacific. Its surface is com- 
posed mostly of late Mesozoic and early Terti- 
ary volcanic flows and agglomerates, and it 
contains many great batholiths, generally of 
granodioritic composition, such, for example, as 
those near Valparaiso and Vallenar, Chile, and 
Lima, Peru. 

The present high elevation of the Andes is 
the direct result, not of the faulting and thrust- 
ing, but of post-orogenic regional upwarping, 
by which the old-age topography conspicuous 
in much of the region west of the mountains and 
on the top of the plateau has been bowed up 
from elevations of 3000 feet or less in the coastal 
region west of the mountains to more than 
12,000 feet on the high plateau (Rich, 1942a). 
This arched old-age surface constitutes the 
broad Andean plateau, above which snow-clad 
ranges rise here and there, either as monad- 
nocks or as relatively recent uplifts such as the 
Cordillera Real of Bolivia. 

Tectonically, a section across the Andes from 
the plains east of the mountains westward to 
the Pacific is essentially like a section across 
the Appalachians from the Allegheny plateau 
of eastern United States eastward over the 
folded and thrust belt and the Piedmont, with 
its metamorphic rocks and batholiths—except 
that the directions are reversed. The Andean 
correlative of the sunken oldland of Appalachia 
must lie partly in the block-faulted coastal belt 
of Chile, Peru, and Ecuador, and partly under 
the waters of the Pacific west of that belt. 

The one major feature in which the Andes 
differ from most of the other ranges we have 
reviewed is that no continuous geosyncline lay 
along the side of the range toward which the 
thrusting was directed, i.e. along its eastern 
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side, until the orogeny had become fairly well 
advanced, and even now, for most of the length 
of the range, geosynclinal development is in- 
conspicuous. 

A possible reason for this condition, con- 
sidered more fully later, is that whether or not 
a geosyncline is developed in the earlier stages 
of the orogenic cycle may depend on whether 
the region from which the thrusting comes is 
above sea level and subject to erosion, or is 
beneath ocean water throughout most or all of 
its history, as seems to have been true for the 
Andes. 


IMPLICATIONS OF THE NATURE AND SEQUENCE 
OF EVENTS IN THE MounrtTAIN CYCLE* 


Facts Indicating That an Inter-Crustal or 
Sub-Crustal Magma Body is The Causative 
Agent in Orogeny 


Pattern of mountain systems.—Though not 
evident in all mountain systems, an arcuate 
pattern inclosing or partly inclosing a central 
area of more or less elongate oval or elliptical 
shape is characteristic. In the systems here 
reviewed, it is well shown by the Antillean arc, 
the Western Mediterranean region, the Car- 
pathians, the mountains bordering the Balkan 
region, those bordering the Anatolian and Iran- 
iau plateaus, the Himalayas, with respect to 
Tibet, and the east Indian arc. Many other 
analogous regions might be cited if one were to 
consider all known’ compressional mountain 
systems. 

Of the mountain systems which cannot be 
proven to inclose such a central area, the Appa- 
lachians, the Andes, and the Urals are good 
examples. However, if the areas buried under 
the waters of the Atlantic and Pacific and 
under the Mesozoic and Tertiary sedimentary 
rocks east of the Urals could be seen, they, too, 
might follow the same pattern as the others. 

Though it has generally been considered, per- 
haps sub-consciously, that arcuate mountains 
owe their curved pattern to flowage phenomena, 
it is much simpler, and the writer believes more 


* The brief statement of the working hypothesis 
presented earlier in the paper should, perhaps, be 
read again preparatory to the following discussion 
of the hypothesis as it applies to the explanation 
of the features characteristic of the mountain cycle. 
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reasonable, to think that the form represents 
the outline of the margin of a magma blister 
underlying the central area within the arc. An 
arcuate pattern would be natural for a range 
bordering the margin of a blister and would not 
require any complicated crustal mechanics for 
its production. If the blister were very large, a 
segment of it might be relatively straight. 

The median mass.—The central area inclosed 
within the mountain arc has been called the 
“Zwischengebirge” by Kober and the “Median 
Mass” by Béckh, Lees and Richardson (1929). 
Its equivalent in the older mountain systems 
has here been called the “oldland’”. In dis- 
cussing the hypothesis, these terms are con- 
sidered synonymous, but “median mass” is 
adopted for general use. 

Crustal movement radially from the median 
mass.—The arcuate form, with movement out 
from the median mass, proves to be a general 
feature illustrated well by the Antillean arc in 
relation to the Caribbean basin; by the ranges 
surrounding the Western Mediterranean; by the 
Carpathians in relation to the Hungarian basin; 
by the mountains bordering the Anatolian and 
Iranian plateaus; by the Himalayas in relation 
to Tibet; and by the East Indian arc. In all of 
these, the evidence indicates a crustal spreading 
radially out from the center of the median 
mass, here interpreted as lying over a magma 
blister. Such a movement seems entirely im- 
possible as a result of any ordinary crustal com- 
pression, but is what should be expected from 
gravity sliding or creeping of the hard-rock 
cover off a low, dome-shaped magma blister. 

Bucher (1947) and Willis (1929) both pre- 
sented strong evidence of such centrifugal creep 
of the crust outward from the sunken oldland 
or median mass now occupied by the Caribbean 
Sea; and Anderson’s evidence (1936) clearly 
shows that the compressive forces which de- 
formed the coastal Atlas region of northern 
Algeria came from a region now lying beneath 
the waters of the Mediterranean to the north. 
Outward movement from the other median 
masses described in our review was shown to be 
the rule. 

Evidence of the existence of a magma body 
beneath each median mass.—Several features 
characteristic of almost all the mountain sys- 
tems here reviewed point to the present or 
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former existence of magma beneath the surface 
of the area behind the belt of thrusting, whether 
it be a median mass within a mountain arc or 
the oldland behind the thrusting of a relatively 
straight system like the Appalachians, having 
only one side exposed. 

One of these features is the presence of an 
inner volcanic arc which very commonly paral- 
lels the outer thrust arc at a distance of some 
tens of miles from it. Such arcs are well known 
in the Antillean and East Indian systems and 
seem to be exemplified in the Tertiary inner 
volcanic belt that parallels the coastal ranges of 
the Atlas in an area now lying mainly beneath 
the southern edge of the western Mediterranean, 
Besides, volcanoes are common in mountains 
of many compressional systems, occurring gen- 
erally on the inner sides of the thrust ranges, 
and very seldom, if ever, entirely out in front 
of them. 

The voluminous fissure eruptions of domi- 
nantly basic lavas which occur in the median 
masses within the mountain arcs and on the 
median-mass plateaus such as those of the 
Great Basin and Columbia River lava plateau 
west of the Rocky Mountains, and the plateaus 
of Anatolia and Iran, have been mentioned as 
common to the life histories of every one of the 
mountain systems reviewed. Their universal 
presence there and general absence elsewhere 
seems to constitute unmistakable evidence that 
magma bodies lie beneath those masses. 

Indirect evidence leading to the same con- 
clusion is the block-faulting which also is asso- 
ciated with the median masses. Such faulting 
indicates tension and opportunity for the blocks 
to sink into the substratum such as would occur 
if the crust were creeping outward off a domed 
magma body. 

The fact that such block-faulted areas com- 
monly show consanguinity of extrusive and 
intrusive igneous products is an indication of 
the presence of a single large magma body 
beneath the area. This consanguinity is very 
conspicuous in the well-known magmatic prov- 
ince located in the block-faulted Great Basin 
region of western United States which is the 
median mass for the Rocky Mountain system. 

The extensive intrusive bodies always found 
in the region immediately behind the thrust 
belt wherever it has been eroded deeply enough 
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to reveal them, and the intense regional meta- 
morphism in that belt and behind it, also in- 
dicate the near-by presence of a large body of 
magma. 

Finally, the post-orogenic histories recorded 
for all the ranges which have progressed far 
enough in the cycle to reveal them, give strong 
indirect evidence of the presence of a magma 
body under the oldland or median mass, for the 
block-faulting, fissure eruptions, and the final 
sinking of the region all are what could logically 
be expected to result from the stretching and 
rifting of the crust over a magma blister. The 
contraction resulting from the loss of large 
quantities of heat by the outpouring of lava, 
and the cooling produced by foundering of 
crustal blocks, would combine to cause sinking 
of the region as the magma of the subterranean 
blister cooled and crystallized. 

This conjunction and sequence of post-oro- 
genic events might occur once by mere chance. 
That it should be repeated would be improb- 
able, and that it should occur by chance in the 
histories of more than two or three mountain 
systems would seem all but impossible. 

EARLIER RECOGNITION OF ASSOCIATION OF 
OROGENY WITH SUBTERRANEAN MAGMA BODIES: 
The idea that orogenesis is related to sub- 
terranean bodies of magma has appeared in the 
writings of several students of orogeny during 
recent years, notably those of Willis, van 
Bemmelen, and De Lury. 

Bailey Willis (1929) came very close to the 
hypothesis developed in this paper. He writes 
(p. 282) of “. . . local melting of the rock in such 
a manner as to produce blisters, to which the 
name asthenolith is given’’, in the lower part of 
the crust. He also (p. 283) recognized the tend- 
ency toward eruptivity, shearing, and moun- 
tain building around the margin of an astheno- 
lith and the tendency toward “‘. . . the formation 
of tension cracks and eruption from the central 
part of the blister”. In three more recent papers 
(1939; 1939b; 1940) Willis came still closer 
to the thesis of this paper, particularly in recog- 
nizing atomic heating as the probable cause of 
“hot-spots” or local discs of molten rock within 
the earth’s crust, on the borders of which moun- 
tain ranges are pushed up and volcanic activity 
is common. He recognized Tibet as one such 
area in its relation to the Himalayas and to the 
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mountains on its northern and eastern sides, but 
he attributed the outwardly directed pressures 
from the central part of the molten body sup- 
posed to underlie Tibet to the elongation of 
crystals during metamorphism.’ Willis had 
most of the basic concepts of the hypothesis 
here presented, but did not deduce from them 
the same mechanism as here outlined. He did, 
however, recognize that mountains are formed 
around the margins of magma blisters by forces 
directed outward from over their central parts, 
and that the central parts later collapse. He 
cites as a example the Antillean arc and the 
associated Caribbean basin. 

Haarmann (1930) invoked both the existence 
of subterranean magma bodies and gravity 
sliding as causes of orogeny, but his use of 
these agencies was entirely different from that 
in the blister theory here under discussion. 

His “Oszillationstheorie” envisions large- 
scale vertical crustal movements of elevation 
and depression consequent upon intercrustal or 
subcrustal movements of magmatic material 
migrating to compensate for disturbances in 
isostatic balance. These are considered to be 
the primary cause of orogeny. Gravity sliding 
(Gleitung) of sedimentary rocks off the elevated 
into the depressed areas is a secondary activity 
which produces the folding and thrust faulting 
characteristically associated with orogeny. Geo- 
tumors (“Geotumoren”) of magmatic material 
are believed to form within or beneath the 
crust in association with adjoining geodepres- 
sions (“Geodepressionen”’) from which material 
has been pressed to produce the geotumors. 
Sediment eroded from the uplifted area over 
the geotumor then fills the geodepression. The 
height of the geotumor increases and the depth 
of the geodepression becomes greater as erosion 
proceeds. Finally, the critical angle for gravity 
gliding of the sediments in the geodepression is 
reached. They glide down the slope and are 
folded and thrust together at the bottom and 
at the same time are pulled apart on the upper 
flanks of the geotumor. As a consequence of an 
unexplained rhythmic alternation of geodepres- 


6 Pressures produced by the elongation of crystals 
during metamorphism seem to the writer to be 
highly questionable because such elongation is 
generally believed to be an escape reaction to pres- 
sure rather than a possible means of producing 
pressure. 
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sions and geotumors, the compressed folded 
and thrust region, which originally must have 
lain low at the foot of the slope off the geotumor, 
becomes elevated to form mountainous high- 
lands, while the area over the former geotumor 
sinks—presumably to become another geode- 
pression. 

Haarmann’s theory resembles the blister 
theory in that subterranean magma bodies 
play an important réle in the orogenic process 
and in that folding and thrusting result from 
gravity sliding, but the mechanisms are entirely 
different. Haarmann’s gliding, folding, and 
thrusting are confined to the sedimentary fill- 
ings of the geodepressions, whereas in the blister 
theory the sliding involves all that portion of 
the crust lying above the magma body. It is 
evident, however, that Haarmann’s theory was 
developed in an attempt to explain many of the 
same features in the life history of a compres- 
sional mountain system as those which led to 
the formulation of the theory which is the 
subject of this paper. 

Van Bemmelen (1936) in his “Undation 
Theory” invokes a different source for sub- 
crustal magma bodies from that here envisioned, 
but other aspects of his hypothesis are similar 
in many respects to that here presented. 

De Lury (1931; 1936; 1945; and in several 
related papers) has reported investigations of 
the thermal relations of the crust and sub- 
crust and has emphasized the importance of the 
presence and subterranean movement of magma 
in connection with problems of orogeny. He 
thinks of the crust lying above a moving magma 
body as being dragged along by friction with 
the moving magma. 

In a recent paper (1949) Wolfe also, without 
reference to any previous work, relates orogeny 
to magma blisters produced by atomic heating. 

Generally thin geological sections in the median 
masses.—Such median masses as are now above 
sea level and subject to observation (Balkans, 
Anatolian plateau, Iranian plateau, Tibet) re- 
veal only relatively thin sections, lacustrine 
sections, or scattered remnants of rocks of ages 
equivalent to those of the thick sections de- 
posited contemporaneously in the bordering 
geosynclines. Rocks of those ages, if ever present 
on the median masses, have generally been 
stripped off and the underlying basement is 
now being eroded or else volcanic rocks, pre- 
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vailingly from fissure eruptions, cover the su. 
face. 
Secondary role of the geosyncline.—In relation 
to all the younger mountain systems, the 
geosyncline clearly plays a secondary role, It js 
a feature consequent upon the existence of the 
magma-blister highland which it borders, It 
never appears as a primary cause of crustal 
movements or of mountain-making orogeny, 
Its sediments, when orogeny occurs, seem al- 
ways to be crumpled and overthrust from one 
side only. Never, so far as the writer has been 
able to discover, do the mountains start as a 
buckling in the center of a geosyncline. 

Such a secondary role is conspicuous in the 
relation. of the Mesopotamian geosyncline to 
the mountains along the southwestern border 
of the Iranian plateau and in that of the 
Gangetic geosyncline to the Himalayas. The 
basement of the Arabian plateau dips regularly 
and gradually to the northeast under the later 
rocks of the Mesopotamian geosyncline, and 
the peneplaned basement surface of peninsular 
India appears to do the same beneath the 
Gangetic plain to the north. (See Daly, 1938, 
p. 76.) 

The processes which produce geosynclines 
as secondary effects of the movement of the 
outer crust off a magma blister are discussed in 
a following section. 

Inadequacy of crustal down-buckling in a 
“tectogene’” to explain typical sequence of evenls 
in life history of compressional mountain systems. 
—A currently favored theory of orogeny is that 
developed by Vening Meinesz, Umbgrove, and 
Kuenen (1934) to explain the negative gravity 
anomalies bordering island arcs. The mechanism 
involved was studied experimentally by Kuenen 
(1937) who gave the name “‘tectogene” to the 
down-buckle supposed to be responsible for the 
anomaly. The theory was later elaborated by 
Hess (1938) and has since been widely publi 
cized. 

The essence of the tectogene theory is that 
crustal compression causes approximately sym 
metrical down-buckling of the lighter crustal 
material into the heavier substratum, thereby 
producing the observed negative gravity anom 
alies and, indirectly, producing depressions 0 
which sediments are accumulated and later 
deformed in mountain-making orogeny. 

Except for the existence of the negative 


anomal. 
events | 
mounta 
with th 
gene th 

For « 
upwarp 
depress: 
which 
side, wl 
the ear 
theory 
by two 
expecte 
both sic 
toward 
downwé 
have st' 
the tect 
sion of | 
region 


% 
| 
stages 
from th 
rides in 
thrusts 
surface | 
mechan 
4 place fo 
Te] 
cam 
ment 
filled. 
} faulting 
fissure ¢ 
teristic « 
: in the r 
we hav 
mountai 
gone far 
of the 
into the 
sedimen 
Even if 
ment w 
they wo 
of the t] 
where ¥ 
vides ni 
metamo 


IMPLICATIONS OF EVENTS IN MOUNTAIN CYCLE 


anomaly belts, the nature and sequence of 
events revealed by our survey of compressional 
mountain systems seems totally at variance 
with the deducible consequences of the tecto- 
gene theory. 

For example, instead of the broad regional 
upwarp bordered by an adjoining geosynclinal 
depression—deepest on the upwarp side—into 
which sediment is supplied mainly from one 
side, which as we have seen is characteristic of 
the early stages of the cycle, the tectogene 
theory envisions a central depression bounded 
by two broad, gentle swells which should be 
expected to supply sediment to it equally from 
both sides. Instead of the unilateral thrusting 
toward the deeper side of the geosynclinal 
downwarp, which all the geosynclines which we 
have studied exhibit, the diagrams illustrating 
the tectogene theory show two-sided compres- 
sion of the sedimentary contents of the central 
region of the down-buckle, followed in the later 
stages by outward thrusting in both directions 
from that center as the crust from both sides 
rides in toward the down-buckle and under- 
thrusts the sediments stripped off from its 
surface as it plunges down into the buckle. The 
mechanism of the tectogene theory provides no 
place for the “median mass” which, as we have 
seen, represents the oldland from which thrust- 
ing came, and also supplies most of the sedi- 
ment by which the geosynclinal depression is 
filled. Even more strikingly, it provides no 
reason for the characteristic tensional block- 
faulting of that median mass and for the great 
fissure eruptions of lava which are so charac- 
teristic of it. The upthrusting of basement rocks 
in the region of most intense thrusting, which 
we have found to be characteristic of all 
mountain systems in which the movement has 
gone far enough, has no place in the mechanism 
of the tectogene, for the basement rocks would 
be carried downward with the crust plunging 
into the buckle, and only the more superficial 
sediments should appear in the thrust sheets. 
Even if some of the upper zones of the base- 
ment were sheared off in the underthrusting, 
they would appear at the extreme outer margin 
of the thrust belt instead of in the central core 
where we actually find them. 

Furthermore, the tectogene mechanism pro- 
Vides no good reason for the intense regional 
metamorphism and batholithic intrusions which 
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are so characteristic of the regions just behind 
the main belt of thrusting in the mountain 
systems which we have studied. The equivalent 
region in the tectogene would be in the center 
of the down-buckle where cold upper crust has 
just been carried down to abnormally low levels 
and where, for a very long time, the temperature 
would be below that normal for the depth. 

Finally, unless convection currents moving 
downward in the tectogene are invoked, the 
theory seems to be entirely untenable mechani- 
cally, for a brittle crust would shear across and 
thrust up long before it could make the sharp 
bend down into the tectogene shown in all the 
diagrams illustrating that structure (for me- 
chanical objections to the tectogene theory, 
compare Gunn, 1947, p. 241). Even if the crust 
were carried toward the down-buckle on the 
back of a convection current, it is doubtful if 
the down-drag at the center, acting through 
only a comparatively small depth, would be as 
powerful as the lateral drag acting for a much 
greater distance. If it were not, the tendency to 
upthrust rather than to make the sharp bend 
into the tectogene would still be dominant. 
The tendency to upthrust would be greatly 
increased by the tensional cracks which must 
necessarily form on the convex side of the 
down-bend, and which would be ideally situated 
to favor upthrusting. 


DEVELOPMENT OF THE BLISTER HYPOTHESIS, 
AND COMPARISON WITH ACTUAL LIFE 
Histories OF MouNTAIN SYSTEMS 


Introduction 


It seems highly probable that orogeny is 
closely associated with subterranean magma 
blisters or asthenoliths, and that in every in- 
stance where the whole structure is visible, 
the crust has moved generally outward from the 
region lying over the central part of the blister. 

Assuming the reality of the blisters and of 
crustal movement outward from their central 
parts, we will develop deductively the events 
which should follow and compare the results 
with what was revealed by our review of actual 
life histories. 

Origin of the Magma Blister 


The hypothesis here developed does not de- 
pend on any specific mode of formation for the 
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magma blister. It may be intruded into the 
outer few miles of the crust from some greater 
magma body below or, more probably, it may 
form in place by melting caused by the accumu- 
lation of atomic heat more rapidly than it can 
be dissipated by conduction. However, second- 
ary magma bodies emplaced at comparatively 
shallow levels in the crust and derived from 
deeper-seated magmas may well be responsible 
for some of the smaller manifestations of oro- 
genic activity such, perhaps, as the compara- 
tively small mountain arc surrounding the 
extreme western portion of the Western Medi- 
terranean. 

Whether the amount of radioactive material 
in the earth is sufficient to produce heat more 
rapidly than it can be conducted away, and 
thus to cause its accumulation within or be- 
neath the crust has been much debated. It 
appears that information necessary for a posi- 
tive answer has not yet been collected, but the 
best evidence available indicates the strong 
probability, if not certainty, that, at least 
locally, atomic heat is available in quantities 
sufficient to cause fusion, and that the reason 
for the lack of more general fusion may be that 
locally fused areas go through the orogenic 
cycle, lose their excess heat, and then cool, 
contract, and subside at the surface, as here 
postulated. 

Earlier calculations of atomic heating indi- 
cated an embarrassingly large heat production 
that would have caused a general melting of the 
crust unless the assumption were made that 
the highly radioactive material is limited to a 
comparatively thin shell in the outer few miles 
of the crust. 

New measurements (Davis, 1947; 1950; Davis 
and Hess, 1949) of the atomic heat produced by 
the basic and ultrabasic rocks have given 
values so low as to raise again the question as 
to whether, after all, the atomic heat may not 
be conducted to the surface as rapidly as it is 
produced. 

Results of the latest comprehensive analysis 
of the production of atomic heat and of heat 
flow to the surface (Urry, 1949) seem to en- 
courage the idea that subterranean fusion re- 
sulting from atomic generation of heat is pos- 
sible, and even highly probable in localized 
areas. 

Using the best available earth model as to 
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thickness of zones carrying varying quantities 
of radioactive material, and using the lowest 
permissible values for radioactivity, Urry found 
for an earth 2 billion years old a heat production 
of 1.38 10~* cal/cm?/sec, and of about 1,67 
x 10-* using the highest reasonable values, 
For an earth 3 billion years old those figures 
(as read from one of his charts) would be 1.23 
and 1.48 respectively for the lowest and highest 
permissible values for radioactivity. This is to 
be compared with the best recent measurements 
of surface heat flow which average 1.32 x 107% 
cal/cm?/sec. Urry points out that, because of 
the exponential decay of radioactive elements, 
thetotal quantity of atomic heat bein gproduced 
has decreased about 30% in 2 billion years, In 
other words, more atomic heat was available 
in earlier geologic ages than now, and orogeny 
should, therefore, have been more widespread 
and active than in later times. 

Slack (1949), for the Kirkland Lake area of 
northern Ontario, calculated that radioactivity 
in the upper 36 km. of the crust is producing 
40 per cent of the total heat flow recorded there. 
This led him to question whether heat might not 
be escaping there as rapidly as it is being gen- 
erated by radioactivity, but he rightly sus 
pected that the Canadian Shield might not 
yield a fair average figure for the earth asa 
whole. He found that the radioactivity of the 
central portions of the granite stocks in that 
region is only about 26% as great as the aver- 
age world figure for granitic rocks. Also, the 
thermal gradient there is abnormally low, being 
11.3° C. per km. (1° F. in 180 feet). 

On the basis of the hypothesis here outlined, 
the writer believes that an abnormally low pro 
duction of atomic heat as well as an abnormally 
low thermal gradient is expectable in a shield 
area such as that in which the Kirkland Lake 
measurements were made, and that atomic heat 
would not normally be accumulating there. 
The reasons for this belief are set forth more 
fully in a following section. 


Joly (1925) postulated sub-crustal melting 
a world-wide scale at intervals of about 9) 
million years. But if atomic heat is accumulating 
faster than it can be dissipated by conduction, 
it seems more likely in view of the heterogt 
neous nature of the earth’s crust and of il 
irregular blanketing by sediments (some 4 
which are highly radioactive) that such heating 
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would cause melting at different places at 
different times rather than simultaneously over 
the whole earth. 


Epeirogenic Uplift of Area Overlying the Magma 
Blister 


The accumulation of atomic heat in local 
areas blanketed by sediments or otherwise 
favorable to heat generation (and possibly also 
unfavorable to rapid dissipation of heat by 
conduction) would cause expansion of the entire 
column so blanketed and an additional ap- 
proximate 6% to 10% increase in volume on 
fusion (Daly, 1939b). This expansion offers a 
reasonable explanation for regional uplifts of 
epeirogenic nature without disturbance of iso- 
static equilibrium. 

Blackwelder (1934) has shown that the high 
plateau region west of the Rocky Mountains 
has been uplifted regionally some 5000 feet 
since late Pliocene, yet it is now essentially in 
isostatic balance (Woollard, 1943). Except by 
some process such as thermal expansion, such 
large-scale uplift without disturbance of bal- 
ance is difficult to explain. The formation of a 
magma blister beneath that plateau is here 
suggested as the cause of the epeirogenic uplift. 

Uplift of an area as a result of the formation 
of a magma blister beneath it is looked upon as 
the fundamental cause of the prevalent rela- 
tively high elevation of the median mass during 
all but the latest stages of the mountain cycle. 
This elevated area provides much of the sedi- 
ment for the filling of the geosynclines later 
developed around the margins of the blister. 


Shape and Stability of the Magma Blister 


In the mechanism proposed, the top of a 
magma body produced by atomic heating is 
envisioned as being convex upward, forming a 
slope down which the crust creeps laterally by 
gravity. Upward convexity would result from 
the tendency toward radial spreading of fusion 
from its starting point, supplemented by the 
tendency for convection to carry the hottest 
magma, together with heat-bearing gases and 
vaporizers, upward against the roof of the 
magma chamber and thus to promote fusion 
there. 

The magma body, for convenience referred 
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to as the blister, might have any shape in 
ground plan, but it seems generally to be oval 
or elliptical. Some of the much-elongated blisters 
may owe their existence and shape to subter- 
ranean fusion promoted by the blanketing effect 
and relatively high radioactive content of thick, 
elongated masses of coastal plain and conti- 
nental shelf sediments deposited along a coast 
line such as that of eastern North America 
today. On the same principle, blanketing by 
the very thick mass of sediments accumulated 
during Paleozoic times in the Cordilleran geo- 
syncline on the site of the present Great Basin 
may have been in large measure responsible for 
the formation of the huge, elongated magma 
blister whose development there is here sug- 
gested as a principal cause of the Nevadan and 
later orogenies and of the block faulting and 
emissions of lava which subsequently affected 
that region. 

The crust above the magma body may lie 
either above or below sea level without affecting 
the mechanical principles involved. But, as 
already suggested, if its top were below sea 
level, the initial stage of geosyncline formation 
by isostatic transfer would not occur. 

An important question that cannot now be 
answered is whether the magma dome is an 
upward protuberance on a world-wide layer of 
hot basaltic glass, or whether the magma body 
is sill-like in shape and represents the melting 
of a part of the crystalline crust lying above and 
detached from any permanently fused layer. 
Such a body might be caused by selective fusion, 
perhaps relatively high in the crust, of material 
possibly more easily fusible and certainly more 
radioactive than the dominantly basic material 
lying deeper. 

A body of magma having the shape of a 
giant, upwardly convex but relatively flat lens 
would seem best to accord with the geological 
evidence indicating that thrusting at its bor- 
ders is upward rather than downward. The 
magma body has therefore been so represented 
in Figures 1, 2, and 4. 

It seems possible that convection on a con- 
siderable scale may develop within a magma 
blister (at least if and where it had become 
liquified) because its central part would always 
be hotter than its thinner, outer margins more 
closely in contact with the relatively cold 
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surrounding rocks. Thus a convection current 
should be set up, with the magma rising in the 
central parts of the blister, spreading laterally 
along the top, and moving down in the marginal 
regions. Such a circulation, if present, would 
aid and reinforce the tendency toward outward 
gravity creeping of the crust over the surface 


Ficure 3. Hyprostatic BALANCE OF A MAGM 
Bopy witH A Domep Top 
The longer column A with its long section of 
relatively light magma and its short section of 
heavy crystalline rock would be balanced by the 
shorter column F consisting mainly of the heavier, 
cooler crystalline rock. 


of the magma body, both directly by frictional 
drag on it, and indirectly by increasing the 
upward convexity of the top of the magma body 
by continually bringing the hottest magma into 
contact with the roof rocks in the central area 
and thereby promoting upward expansion of 
the fused area in the central part of the blister 
to heights in the crust which, under the laws of 
heat flow alone, would not otherwise be possible. 
The domed shape so caused would not seem 
likely to increase greatly the tendency for basal 
lateral spreading of the magma body toward its 
edges under the influence of hydrostatic head 
because the longer column of hot magma in the 
center of the dome plus the shorter column of 
cold crust above it would be balanced by the 
shorter column of not-so-hot magma plus the 
longer column of denser cold crust over the 
marginal parts of the magma body (Fig. 3). 


Sub-Crustal Isostatic Transfer of Material to 
the Area Beneath the Magma Blister 


If the surface of an area regionally uplifted 
as a result of atomic heating lay above sea level, 
erosion would initiate an isostatic transfer of 
sub-crustal material to the area being eroded. 
This material must come from under the re- 
gions bordering the blister. If the sub-crust 
were of very low viscosity, the material trans- 
ferred would come from a very wide area, but 
since, as is generally agreed, it has relatively 
high viscosity, the transfer would come most 
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readily from the region close to the borders of 
the uplift.’ (Compare Lawson, 1931.) In this 
way, a downwarp—the geosyncline—would de- 
velop at the border of the blister. Once started, 
the geosyncline, if on land or bordering land, 
would become a catchment basin for sediment 
washed off the upwarp, and its sinking would 
be increased by that sediment load. 

Meanwhile, the isostatic transfer, in com- 
pensating for the material lost from over the 
magma dome by erosion, would lift all elements 
of the crust containing the blister to elevations 
higher than before, and thereby would arch the 
magma body as a whole. It would thus increase 
the angle of slope down which the crust over 
the dome would tend to creep. (See Fig. |, 
Stage 2.) 

Such an isostatic transfer of material may be 
responsible for the commonly observed tilting 
of coastal plains, where uplift on the landward 
side of the strand line is so commonly associated 
with sinking on the seaward side. 

As explained in the following section, various 
effects of thrusting cause the floor of the geo- 
syncline to sag to greater depths than would be 
reached if isostatic transfer and sediment load 
were the sole causes of sinking. 

The role of the geosyncline in this hypothesis 
is decidedly secondary. In the later stages it 
becomes important because the geosynclinal 
deposits are conspicuously involved in the 
mountain building, but their striking structural 
complexities which, when seen in outcrop, 80 
delight the geologist, may mislead him as to 
their importance in the whole scheme of moun- 
tain building. 

Contrary to what seems to be the prevailing 
idea, the geosyncline is not believed to be an 
initial belt of weakness. It is merely a belt that 
happened to be located along the border of an 
area regionally uplifted as a result of the gen- 
eration of magma by atomic heat, and thus 
became the locus of maximum sinking caused 
by isostatic transfer of material to the eroding 
regionally uplifted area. Or, if the blister lay 


entirely beneath the sea, the geosynclinal trough 


7 The depth of a depression formed in this way 
along the margin of an eroded dome by isostatic 
transfer would depend on the thickness of the sub- 
crustal plastic zone in which the transfer takes 
place. If the plastic zone is very thick the depression 
would be shallower and broader than if it were 
relatively thin. 
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may have started as a strip of crust pressed 
down and held there by a component of the 
thrusting pressure, plus the weight of the 
mountain range produced by the thrusting, as 
is explained more fully in a following paragraph. 


Thrusting and its Effects 


On a sloping surface of little or no strength, 
practically the entire down-slope component of 
the weight of the crust above the sliding plane 
is available for thrusting. For a crust having a 
density of 2.7, and depending on the angle of 
slope and on the dimensions of the tilted block, 
pressures might range anywhere from about 
1800 pounds per square inch per hundred miles 
of width of the sliding body for an angle of 10 
minutes, to about 10,800 pounds per square 
inch per hundred miles for an angle of 1°. As 
the dip of typical coastal plain sediments is not 
uncommonly more than 1° (90 feet per mile), 
the latter angle of inclination does not seem 
unreasonably high. Such thrust pressures might 
not on first thought seem sufficient to cause 
rupture and thrusting, but several factors, 
besides inherited shear planes and other breaks 
in the outer crust, would tend to make the 
necessary pressure much less than that for a 
test specimen of rock in the laboratory. One 
factor is that stress relations along the border 
between the uplifted area and the geosyncline 
seem to be such as to form either shear or 
tension fractures in positions favorable for 
later use as thrust planes (Fig. 1). Should any 
convection occur in the magma body, its fric- 
tional drag would combine with the gravity 
component to produce outward thrusting at 
the margins of the blister. 

Some have thought that in orogeny the crust 
is either sheared or plunged down into the 
substratum or that it is sharply buckled down. 
The writer thinks, however, that the prepon- 
derance of evidence derived from the geological 
results of the thrusting indicates that the 
crust generally shears upward across the base- 
ment rocks and then rides out at a low angle 
against and over the sedimentary rocks of the 
geosyncline, pushing and dragging them for- 
ward, partly in front of and partly below the 
giant thrust sheets, and metamorphosing those 
which are caught beneath the weight of the 
main mass as it rides forward. 
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By such a process of thrusting outward from 
a magma blister, the folding and thrusting 
would be confined to that side of the geosyn- 
cline lying adjacent to the blister and would 
die out in intensity away from that side. The 
opposite side of the geosyncline would be 
undisturbed. 

Our review of the world’s mountain systems 
shows clearly that in all of them the thrusting 
toward the geosyncline was unilateral and that 
only the mountainward side was overthrust and — 
folded. Witness the Appalachian, the Mesopo- 
tamian, the Himalayan, and all the other 
geosynclines. The evidence is clear that the 
disturbance does not start at the center of the 
geosyncline. 

The history of repeated orogenic spasms, 
with relatively quiet intervals between them, 
revealed by all compressional mountain systems 
which have passed the initial stage of thrusting, 
is what should be expected from gravity creep- 
ing of the outer crust off a magma body having 
a dome-shaped top. Stresses would accumulate 
until the crust broke and thrust at the margin 
of the blister, thus relieving the accumulated 
stresses. Quiet would then prevail while the 
stresses produced by further slow creep built up 
for another orogenic spasm. 

Since the pressure produced by the slow 
crustal creep off the domed magma blister 
would be directed at an angle close to the hori- 
zontal, the shear plane along which it would 
break and ride forward would probably have an 
angle of about 40° from the horizontal (approxi- 
mately the shearing angle for pressure directed 
horizontally). The crust would ride up on this 
plane; then, if the movement were great enough, 
it would turn down and move forward more or 
less horizontally against and over the sedi- 
mentary rocks of the geosyncline until the 
frictional resistance to forward movement be- 
came too great, when it would shear across at 
the rear and tend to ride up and over the mass 
first thrust out. 

Since the outer crust is brittle, it could not 
accommodate itself without breaking to the 
change in angle from the essentially horizontal 
plane on which it moved off the magma blister 
to the 40-degree inclination of the main thrust 
plane. In making this bend, the moving part of 
the crust would be compressed greatly in its 
upper part and subjected to potential tension 
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in its lower (Gunn, 1947) and would break and 
back-thrust (Fig. 2). That zone of back-thrust- 
ing should outcrop at the surface at a distance 
back toward the blister from the outcrop of 
the main thrust plane of considerably more 
than twice the thickness of the crust involved 
in the thrusting. 
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largement of the outer, thin edge of the magma 
blister under the mountain mass. Any upward 
enlargement would involve fusing of the lower 
ends of previously formed thrust slices, making 
it possible for the sliding crustal section on the 
blister top to rotate the thrust slices forward at 
the base as it under-ran the surface obstruction 


Figure 4. WIDENING OF MounTAIN BELT BY UNDER-THRUSTING OR UNDER-RUNNING, BACK-THRUSTING, 
AND Up-BULGING 


Sites of volcanic activity and intrusions are indicated. Later erosion would reveal a structure like that of 


several of the mountain systems described. 


The author believes that back-thrusting pro- 
duced in this way is responsible for the fact that 
many compressional mountain ranges, espe- 
cially those in which horizontal overthrusts have 
not yet been produced (the Bighorn Mountains 
of Wyoming and many similar ranges), show 
minor thrusting, directed opposite to that of the 
general movement, along a belt lying roughly 
20 to 30 miles from the outcrop zone of the 
main thrust plane. 

The breaking along such a zone of back- 
thrusting would be irregular, and the rocks 
should not press strongly and consistently 
against the back-thrust plane as they do on 
the main thrust. In fact, as the rocks of the 
thrust sheet moved forward, the original back- 
thrust breaks would be carried forward with 
them and new breaks would be formed farther 
back (Fig. 2). In this way, the material of the 
thrust sheet would be broken irregularly, and 
paths for the escape of magma under pressure 
might readily be opened, especially since, as 
pointed out by Gunn (1947), tension below the 
root of the back-thrust would tend to form 
cracks leading down toward the magma body, 
which could be utilized for intrusion. 

As crustal sliding continues and the pile of 
rock slices at the margin of the blister becomes 
larger and wider, frictional heat generated 


within the mountain mass by faulting and fold- 
ing movements might develop a secondary en- 


produced by the mountain mass and found 
partial escape into the enlarged magma body. 
This under-running would lead to more pro- 
nounced back-thrusting along the blisterward 
margin of the mountains; to an up-bowing of 
the central part of the mountain mass to make 
room for the crust thrust into the magma be- 
neath it; and to an increase of the dip of the 
rocks in the rotated thrust slices. It could lead 
also to considerable intrusion and metamor- 
phism in the central zone of the mountains and 
to the production of fan-like structures such as 
figured by King (1950) and pictured for the 
Alps by Collet (1927). (See Fig. 4). 

More detailed discussion of these structures 
is out of place here, but the details of structure 
could be infinitely varied according to the local 
conditions. 

A forward movement at lower levels would 
tend to steepen the dip of existing thrust slices 
by rotating their bases forward. Such rotation 
has been noted by Billings (1929), Collet (1927), 
and Brouwer (1921). Also, the upward squeez- 
ing of the mass in the central part of the 
mountain belt and the rotation of the thrust 
slices would deform any thrust planes pre- 
viously produced. Such may be a partial ex- 
planation of the deformed thrust planes com- 
monly seen in the root zones of eroded thrust 
mountains. 

The rotation of thrust slices in the manner 
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suggested may explain the enormously thick 
jsoclinal sequences of metamorphosed sedimen- 
tary rocks whose dips are too steep to have been 
produced directly by thrusting. Excellent ex- 
amples occur in the Green Mountains of 
northern Vermont, particularly along the gorge 
of the Winooski river to the east of the outer 
Green Mountain thrust belt. They are common 
also in the highly deformed parts of many 
mountain systems. 

A fan structure with back-thrusting, such as 
may have been produced by the processes of 
underthrusting and back-thrusting deduced 
above, is described and shown in cross section 
by King (1950, fig. 2, p. 639) for the Piedmont 
region east of the present Appalachian moun- 
tains. Evidence suggesting very similar struc- 
tures in southern New England was presented 
by Woodworth (1923) long before the geologic 
relations in the southern Piedmont region be- 
came generally known. Somewhat similar struc- 
ture is indicated also for the Zagros mountain 
system of southwestern Iran. 

Such fan structures, while they may seem 
to indicate two-sided orogeny, would actually be 
only particular secondary expressions of uni- 
directional crustal movement. 

The hypothesis of crustal creep off a magma 
blister sets no particular limit to the amount of 
sliding and possible overthrusting other than 
the radius or perhaps, in exceptional instances, 
even the diameter, of the blister. But such is 
not true of outward thrusting caused by mere 
collapse or settling down of the central part of 
a blister. The latter would necessarily be of 
decidedly limited extent. Hence, actual sliding 
on the magma is strongly indicated. 

Whether the thrusting during successive oro- 
genic episodes would be restricted to a single 
belt at the margin of the blister—the belt 
widening either at front or back, or both, with 
succeeding orogenic spasms; or whether, in- 
stead, the thrustings of later orogenic spasms 
would occur in belts either in front of the first 
or distinctly behind it would probably depend 
on the activities and relationships of the magma 
blister itself. If, after the first orogeny, the 
position of the margin of the blister remained 
unchanged, later orogenies might merely widen 
the original mountain belt and perhaps would 
produce a fan structure such as that described 
by King (1950) for the Piedmont district of 
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the southern Appalachians. But if after the 
first orogeny the magma blister continued to 
expand laterally, later orogenic spasms might 
be expected to occur, each out in front of the 
earlier ones, and each at the new outer limit of 
the blister. Such an outward migration of 
successive belts of orogenic thrusting has been 
reported by Hobbs (1923) for the East Asiatic 
and Western Pacific arcs. Or, under various 
conceivable circumstances, lava emissions from 
the blister might be so great after the first - 
orogenic movement that the outer portions of 
the blister would lose their activity, and later 
thrusting might occur far back behind the belt 
of thrusting produced at the margin of the 
blister during the time of its maximum expan- 
sion. The history of central New England 
suggests some such occurrence after the Tacon- 
ian and possibly also after the Acadian orogeny. 
For an outlying range such as the Bighorn 
Mountains, one would need to know whether 
the Bighorns are younger or older than the 
main Rocky Mountain thrusting along the 
Idaho-Wyoming line before deciding whether 
that range was formed as a result of expansion 
of the magma blister or of its loss of peripheral 
portions after the first orogenic spasm, as was 
suggested above for the New England region. 


Thrusting and Gravity Anomalies 


Consideration of the effects of thrusting and 
of the piling up of a compressional mountain 
range by the processes under discussion led to 
interesting deductions as to the deepening of 
the adjacent geosyncline. The effects of these 
processes on the gravity field are even more 
significant. The downward component of pres- 
sure on the inclined thrust plane would tend to 
depress and hold down the crust in front of the 
thrust plane. At the same time, the weight of 
the piled-up mountain mass would have the 
same effect. The two together would produce a 
strong negative anomaly in an adjacent crustal 
strip in front of the mountains, as has been 
pointed out by Gunn (1947) on the basis of 
mathematical investigation of the forces in- 
volved. 

The expectable existence of such a strip of 
negative anomalies, as well as its expectable 
position relative to the thrusting, harmonize 
with the results of submarine gravity observa- 
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tions (Meinesz, 1932; Meinesz, Umbgrove, and 
Kuenen, 1934; and Hess, 1938; 1942) along the 
East Indian and Caribbean arcs. 
Computations by Gunn (1947) show the 
adequacy of the forces mentioned above to 
produce the observed strips of negativeanomaly. 
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hypothesis, would require that a much greater 
quantity of rock be involved because only the 
difference in densities between the light and 
heavy rock (roughly 11%) would be available 
to produce a negative anomaly. A small mass 
of rock forcibly held down as a result of thrust- 
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Ficure 5. Facrors Causinc A Strip oF NEGATIVE ANOMALIES IN FRONT OF A THRUST-MOUNTAIN ARC 


The crust in front of the arc is mechanically held down by a combination of the downward component 
of pressure on the thrust plane and the weight of the up-thrust mountain mass. 


In a later paper (1949), Gunn emphasizes that 
the lithosphere is strong enough to be forcibly 
held down in spite of isostasy over an area 
considerably beyond that to which the de- 
pressing forces are applied, and thus the gravity 
anomalies are produced. It is therefore unneces- 
sary to resort to the tectogene hypothesis of 
crustal down-buckling to explain the observed 
gravity anomalies. 

It is important to realize that, except for the 
attraction of the water in the geosynclinal 
trough or foredeep (and of the water and/or 
sediments which might occupy a terrestrial 
geosyncline), the entire gravitational attraction 
that would have been exerted by the rock that 
would have occupied the space a—b-c (Fig. 5) 
between its depressed top and the isostatic 
position it would have had if not forcibly held 
down, plus the difference between the attrac- 
tion which would have been exerted in the 
area d-e-f by the original heavier rock and that 
exerted by the lighter rock which displaced it, 
would be available to produce a negative grav- 
ity anomaly. This anomaly would be the greater 
because the rock missing at the top in the area 
a-b-c would have lain close to the surface. In 
contrast, an anomaly produced by a section of 
the lighter crust bowed down into the heavier 
substratum, as envisioned in the tectogene 


ing and the piling up of a mountain mass 
would produce as great a negative anomaly as 
a much larger mass of light rock bowed down 
into the heavier substratum. 

Hunter (1931) has stated that the anomalies 
which Vening Meinesz found in front of the 
island arcs amount to a deficit of about 3000 
feet of rock. In view of post-orogenic isostatic 
up-archings of more than that amount, the 
belief is justified that adjacent to a newly 
uplifted mountain mass the bottom of the geo- 
syncline may be forcibly held down more than 
3000 feet below its isostatic level. 


Vulcanism in the Orogenic Belt 


Introduction—As pointed out before, 4 
magma blister, though its top may have 4 
pronounced domal form, should be essentially 
in hydrostatic equilibrium, because the rela- 
tively long column of comparatively light mol- 
ten rock in the center would be balanced by @ 
relatively long column of heavier unmelted 
rock around the margins (Fig. 3). Little if 
any tendency should exist, therefore, for the 
magma around the margin of the blister to lift 
the overlying rock or to cause intrusions there 
unless openings for its rise were in some way 
produced tectonically. The hydrostatic head of 
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the magma in the dome, plus the weight of the 
overlying rock would, however, be sufficient to 
exert strong intrusive pressure into any openings 
which might develop in the orogenic belt. 

It is believed that the principal sole on which, 
thrusting occurs would not generally be an 
avenue for intrusion, because the pressure of the 
siding mass against the thrust plane would 
keep the break tightly closed. We should not, 
therefore, expect vulcanism on the outer side 
of a thrust-mountain range. 

However, in the zone of back-thrusting which, 
as we have pointed out, seems generally to 
occur in a strip some 15 to 30 miles back from 
the outer thrust belt, conditions should be 
favorable for the ascent of magma and mag- 
matic gases along crustal breaks caused by 
back-thrusting. Such breaks would be carried 
forward and new back-thrusts would form as 
successive portions of the crustal top of the 
magma blister reached the point of flexure 
where the crust turned up to ride out along the 
main thrust plane (Fig. 2). 

This mechanism is believed to be responsible 
for the fact that a volcanic belt commonly 
parallels the main thrust zone at a distance of 
several miles blisterward from it. Where the 
mountain range takes the form of an arc, this 
volcanic belt forms an inner arc parallel with 
the outer one, as has been shown repeatedly in 
our survey of existing mountain systems, and 
as has been noted by many earlier writers. 

Granitization, metamorphism, and intrusion. 
—According to the crustal sliding hypothesis 
here proposed, the material at the top and for 
some distance above the top of the zone that is 
being fused by atomic heating should be very 
hot and somewhat plastic. Also, a considerable 
viscous drag should extend up into those hot 
rocks for some distance above the zone of 
actual sliding. In fact, the zone of sliding might 
be relatively thick and not clearly defined. In 
that zone and in the rocks above it, conditions 
of combined high temperature and stress would 
be ideal for production of the features commonly 
associated with a high degree of stress meta- 
morphism. Such regional stress metamorphism 
should be produced in a zone near the upper 
limit of fusion of the blister everywhere that 
crustal creep off the dome occurs. Rocks so 
metamorphosed might not ordinarily be brought 
to levels high enough in the crust so that they 
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would ever be seen except in the belt of oro- 
genic thrusting and up-bulging near the outer 
margin of the blister. There such originally 
deep-seated rocks should always be brought up 
high enough to be revealed by post-orogenic 
erosion. 

It should be expected also that magma would 
be intruded into the core of the orogenic belt. 
Some of it might have been formed in place by 
frictional heat, but some probably would have 
come from the magma blister itself. Magmas 
formed in either way would probably have been 
generated mainly by melting of upper crustal 
rocks, and, consequently would not ordinarily 
be basic in composition. Wherever rocks that 
once lay in the zone of melting at the top of the 
magma blister or in the core of the orogenic 
belt were later exposed, they undoubtedly would 
show phenomena of migmatization and graniti- 
zation which would be used to bolster the argu- 
ments of geologists favoring formation of 
granite in place. On the other hand, any magma 
so formed that was pressed out and intruded in 
the orogenic zone or elsewhere would rightly be 
interpreted as truly intrusive. Of such dual 
possibilities are great controversies born! 

In old mountain ranges which have been 
eroded down to their roots, it is common to 
find, between the outer belt of strong over- 
thrusting and the zone of back-thrusting 
already described, a relatively wide central belt 
where highly stress-metamorphosed rocks are 
associated with intrusives—generally of inter- 
mediate to acidic composition—which not un- 
commonly occur in sill-like bodies or irregular 
masses of any size up to that of batholiths. This 
central belt of the orogeny is believed to rep- 
resent the zone of up-bulging and fan structures 
already discussed. (Compare F. E. Suess’ belt of 
‘intrusion tectonics”, 1929). It is believed to 
be composed mainly of deep-seated crustal 
slices brought up by thrusting and up-bulging, 
and also of intrusives derived from the magma 
of the blister and emplaced among the thrust 
slices, as well as from the fused bottoms of some 
of the slices. 

Much of the material in this central belt of 
the mountain roots, it is believed, was squeezed 
up from horizons much deeper than that at 
which it is now found. Some or much of it may 
be from the zone at and close to the top of the 
magma blister. 
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Theoretically, two other mechanisms besides 
that of the up-bulging previously described, 
might bring up formerly deep-seated material, 
such as the highly metamorphosed sedimentary 
and igneous rocks and the batholiths discussed 
in the preceding paragraphs, to zones high 
enough to be revealed by erosion after the 
mountain building ceased. One of these is the 
isostatic transfer which was invoked to initiate 
the geosyncline. If viscosity would cause the 
greatest down-bending to occur close outside 
the edge of the uplifted magma dome, it should 
also cause the greatest up-arching to occur close 
within the outer edge of the blister. If so, and 
if the process had continued through several 
stages of thrusting, the zone of original melting 
might have been brought relatively close to the 
surface in that area, and the upwarping could 
have been rapid enough so that some of the 
batholithic “intrusions” formed by contempo- 
raneous melting were consolidated before the 
period of final thrusting occurred. 

The other mechanism is the post-orogenic 
isostatic uplift of the mountain root zone that 
seems always to occur after erosion has planed 
down the mountains and thereby upset the 
isostatic balance resulting from sinking of the 
mountain mass during its period of greatest 
height. The mountain area, after erosion, be- 
comes too light and is uplifted regionally as the 
result of isostatic transfer to the eroded area. 
Such uplift seems to amount to as much as 1 
or 2 miles. 

Any portion of the molten or highly stress- 
metamorphosed material composing the upper 
part of the magma blister, or of the rocks close 
above it, brought high enough by any combina- 
tion of the three processes to be revealed by 
erosion, would show a high degree of meta- 
morphism if it had never been fused. Any parts 
which had fused would appear as bottomless 
batholiths showing many of the evidences in- 
dicating “granitization”. Some of such magma, 
however, might be squeezed out of its original 
place of formation and in that event would form 
true intrusions. 

The mechanisms described are believed to 
offer a satisfactory explanation of the phe- 
nomena of regional metamorphism and of 
associated migmatitic rocks and intrusions that 
occur generally blisterward from the outer zone 
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of folding in any great mountain system which 
has been eroded deeply enough to reveal them, 

The question may well be asked whether any 
blisters have ever been uncovered and, if $0, 
whether we would be able to recognize them, 
On the basis of the preceding discussion, it 
seems probable that, in the zone of up-bulging 
which theoretically should occur around the 
blister margin and for a considerable distance 
behind it, the frozen site of former fusion or 
near-fusion at and near the blister top would be 
revealed in deeply-eroded mountain roots; but, 
because of the nature of the process of gravity 
sliding off the central part of the blister and of 
the subsequent break-up and tensional block- 
faulting and foundering of the crust there, we 
should never expect to see the actual blister 
top in its central area. 

If the zone close above the top of the blister 
where the rocks were in process of fusing were 
revealed, it seems inevitable that it would show 
the evidences of granitization, of Jit-par-lit 
selective fusion, and of intense reactions with 
emanations from the great molten mass below 
that have been urged as indicators of granitiza- 
tion. Parts of Finland, of the Piedmont and 
Blue Ridge provinces of southeastern United 
States, and of the cover of the Sierra Nevada 
batholith in California, for example, are sug- 
gested as very probably representing the lower 
parts of the covers of former blisters. On the 
other hand, extensive stoping may have 
occurred along the tops of some blisters and, 
in that way, the magmatic material may have 
been brought much closer to the surface than 
would otherwise be possible. In such areas, 
phenomena of “granitization” probably would 
not be conspicuous, and the blister top itself 
would appear as a batholithic “intrusion” in 
the classic sense. Parts of the Sierra Nevada and 
Cascade batholiths may have been emplaced 
relatively near the surface in this way. Finally, 
more or less extensive portions of the magma 
of the blister may have found their way up 
toward the surface and spread out as giant 
sills in the upper parts of the crust. As has 
already been suggested, parts of the Idaho 
batholith may have been emplaced in this way. 

It is impossible at this time to be sure that 
the phenomena mentioned above actually i- 
dicate the exhumed tops of magma blisters, but 
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study of these phenomena with that possibility 
in mind may someday solve the problem and 
incidentally may throw new light on problems 
of granitization and intrusion. 

Tensional phenomena in the uplifted area over 
the magma blister: post-orogenic sinking.— 
Tension faulting and the emission of lavas 
probably occur after or during each of the 
epochs of thrusting, but the tensional effects 
produced during earlier epochs might be ob- 
scured by those produced later or even by the 
erosion that occurs between epochs of sliding 
and thrust faulting. In the final stage of 
thrusting, however, the tension apparently be- 
comes great enough to produce block-faulting 
on a large scale, and even foundering of much 
of the crust and its burial beneath a flood of 
great flows of dominantly basic fissure lavas. 

The foundering of cold crustal blocks into 
the magma of the blister and the enormous 
outpourings of lava to the surface are believed 
to eliminate sufficient heat so that the magma 
of the blister freezes, and then gradually cools 
and contracts as a result of conduction of heat 
to the surface. 

Sinking on a large scale would result. This 
would come about, first because of the change 
of state from liquid or glassy to crystalline, 
with a volume reduction of 6% to 10%, and 
then through ordinary contraction of the crys- 
talline rock as it slowly cooled. 

An interesting consequence would now 
appear. The region would sink to a level con- 
siderably lower than it had before the orogenic 
cycle began. Since the region was originally 
uplifted by expansion caused by atomic heating, 
the freezing and cooling would eliminate that 
expansion and, if this were the only factor 
involved, the surface would return to a level 
close to that which it had at the beginning. 
But conditions would have changed because the 
isostatic transfer resulting from erosion of the 
blister dome during the long span of the oro- 
genic cycle (perhaps several geological periods) 
would have removed much of the lighter, sialic 
crust from the region and would have replaced 
it by material of more basic composition and 
greater density. The region would therefore be 
in isostatic balance at a lower level than at the 
beginning of the cycle. 

Any convection current which might exist 
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within the blister would bring heavier magma 
from greater depths up to levels higher than it 
ordinarily would occupy, and thus increase the 
tendency for the central area of the blister to 
sink later to a lower level than before the 
blister was formed. 

It is suggested that the prevailing basicity of 
the lavas emitted during the post-orogenic 
stage of the cycle may result from the tendency 
for both convection currents and isostatic trans- 
fer to bring originally deeper-seated and more 
basic magma, or the more basic differentiates 
of the magma of the blister itself, toward the 
surface in the central area of the blister at the 
same time that the more acid portions of the 
magma are shifted laterally along the top into 
positions favorable for their appearance in the 
orogenic belt. 

When the cycle is over, the area that at the 
beginning was regionally uplifted would have 
suffered a regional subsidence to a level lower 
than the original. It would then become a site 
of sedimentation and would be blanketed by 
sediments. But because the region would have 
lost so much of its light, richly radioactive upper 
crustal material, it would ordinarily be a long 
time before atomic heat could accumulate again 
in quantities sufficient to start another cycle 
in that same locality. 

The post-orogenic sinking of the oldland of 
Appalachia, now tilted down to more than 
12,000 feet beneath the waters of the Atlantic, 
may well have been caused by a combination 
of the factors discussed in the preceding pages 
of this section, plus sinking because of isostatic 
transfer to compensate for the erosion of the 
Appalachians, and plus the weight of the post- 
orogenic sediments deposited on the Continental 
Shelf. 

Suggested explanation for shield areas.—lf a 
region has gone through the mountain cycle 
more than once, it seems entirely possible that 
so much of the more highly radioactive material 
of the outer, sialic part of the crust would have 
been removed by erosion and transported to 
adjacent or, perhaps, far distant seas that the 
region would forever after remain quiescent; not 
enough heat would be supplied from the interior 
of the earth and by the reduced radioactivity 
to overbalance the amount escaping at the 
surface. In such an event, the region might 
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remain indefinitely close to sea level or below 
it without any tendency toward renewed moun- 
tain building. 

If the deductions from the hypothesis here 
presented are correct, the very fact that the 
Kirkland Lake region investigated by Slack is 
in a shield area which has stood close to sea 
level since the beginning of Paleozoic time 
indicates that atomic heat is not accumulating 
there. The Canadian Shield seems to have 
passed through the mountain cycle several 
times during the Precambrian, and most of the 
outer, more radioactive part of the crust prob- 
ably was stripped off and transported outside 
the present shield area before the Paleozoic era 
began. 

It is suggested that such a shield area is 
stable precisely because the production of 
atomic heat is there too slow for the formation 
of the magma blisters assumed to be the fore- 
runners of orogeny. 

Such may have been the origin of most 
of the great shield areas of the earth, not only 
the Canadian Shield, but also the Guiana 
Shield, the Angara Shield, and others. Such 
also may have been the origin of some of the 
ocean basins. 

The former prevalence of repeated orogenic 
activity in the shield areas, especially evident 
in the Canadian Shield in Precambrian time, 
shows that nothing inherent in the crust itself 
in these areas makes it too strong to be folded 
and otherwise orogenically deformed. This fur- 
ther supports the idea that the long-continued 
orogenic quiet of the shields is a consequence of 
insufficient radioactive material to generate 
heat in excess of what can be conducted away. 

Positive gravity anomalies over sunken median 
masses.—We noted that the median masses 
(according to this hypothesis, the areas over- 
lying the magma blisters) of many of the 
major compressional mountain systems have 
now subsided to low levels and several of them 
are now covered by deep water. Witness the 
area east of the Piedmont section of the Ap- 
palachian orogenic belt, now covered by the 
waters of the western Atlantic; the Caribbean 
basin; the Western Mediterranean; the Hun- 
garian basin; and the Pacific Deep west of the 
Andes. Many observers have noticed (Jones, 
1937; Meinesz, 1937; Daly, 1939-a) that such 
sunken basins invariably show strong positive 
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gravity anomalies. According to the hypothesis 
here proposed, such positive anomalies are to 
be expected in those areas because of three 
processes, already mentioned, all combining to 
produce them. The first is that the transfer of 
heavy material, such as basalt, to the surface 
as a consequence of the tensional stretching and 
fissure eruptions already described would raise 
the level of heavy rock and thus tend to pro- 
duce positive gravity anomalies. The second is 
that the erosion of the lighter crustal material 
off the top of the blister dome while it stood 
above sea level, and the isostatic transfer which 
replaced it by heavier material brought up to 
higher levels than those at which it had lain 
before, would tend to produce positive anom- 
alies. The third is that the same tendency 
would arise if any convection currents were 
set up within the magma of the blister. (But 
the existence of such currents is open to con- 
siderable doubt.) 

Any one of these factors would tend to in- 
crease the specific gravity of the upper crustal 
rocks beneath the basin, and therefore to pro- 
duce the positive anomalies observed. 


CONCLUSIONS 


The fact seems established that compressional 
mountain systems exhibit a typical pattern of 
events occurring in a definite sequence during 
their life histories. The repetition of the same 
pattern in the same sequence in range after 
range seems totally out of the realm of mere 
chance, and to demand one particular causal 
mechanism acting to produce all such mountain 
systems. 

Many facts suggest that the orogenic activity 
associated with mountain-making occurs on 
the borders of a blister-like body of magma 
lying within the crust beneath a large central 
area which has been raised to a level on the 
average higher than that of its surroundings 
as a result of the formation of the blister. 

The behavior pattern suggests that the crust 
over the magma blister, having been raised to 
a position of instability above the general level 
of its surroundings, has crept slowly off the 
dome-like uplift and thrust and crumpled at 
the margins. 

The subsequent history of tensional phe- 
nomena over the central part of the blister, 
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CONCLUSIONS 


followed by block-faulting, emission of lavas, 
and finally by subsidence, still further cor- 
roborates the hypothesis of crustal sliding off a 
domed magma body. 

In the above pattern and sequence of events 
the geosyncline plays an entirely secondary 
role. 

The characteristic phenomena in the moun- 
tain cycle do not require that the magma blister 
be formed in any particular way, but localized 
fusion caused by atomic heating seems best to 
explain the nature and order of events es- 
tablished by our review. 

The hypothesis developed in this paper is 
submitted in the hope that each worker dealing 
with such problems will give to it the test of 
application to the region with which he is most 
familiar. The test should always be made with 
the broader principles of the hypothesis in 
mind and with the expectation of considerable 
variation in the detailed secondary expressions 
of those principles. 
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GLACIAL CLAYS IN STEEP ROCK LAKE, ONTARIO, CANADA 
By Ernst ANTEVS 


ABSTRACT 


Artificial lowering of Steep Rock Lake, Ontario, over 100 feet exposed thick glacial clays, deposited in a 
lake, named Lake Johnston, which was dammed in the west by an ice lobe. Lake Johnston stood mostly 
100 feet above Steep Rock Lake and was in existence for more than 1250 years. The clays were laid down 
in water depths of 125 to 275 feet. During midsummer, glacial Lake Johnston may have had three tem- 
perature zones, viz. a proximal belt with the coldest water (below 39.2°F.) at top; a middle one with uni- 
form temperature of about 39.2°F. (4°C.), or about the greatest density, from surface to bottom; and a 
distal zone with the warmest water (above 39.2°F.) at top. The middle, isothermal, belt had different 
width during the different lake stages. 

The clays fall naturally into eight series. Sixty feet of them consist of typical simple varves (annual 
deposits); 40 feet are abnormal with greatly variable winter clays and with subordinate clay laminae in 
the summer deposits. The laminations were determined by many factors and conditions. The coarse, silty 
mud fractions settled rapidly. The winter clays consist of material which remained suspended in the lake 
at the end of the melt season; they are at times missing. The clay laminae in the summer component were 
probably deposited during cold spells with so little ice melting that no coarse mud, no silt, was brought 
to the site. The mud of such clay laminae was brought previously and was carried to great depth by circu- 
lation'in the isothermal lake belt, so that it had only a short way to sink. Summer clay laminae may thus 
have required alternate marked warm and cold spells and uniform temperature and deep circulation of the 
water in a zone of the lake. A summer clay lamina and an underlying silt lamina form a couplet which 
often resembles a thin true varve. Both winter and summer clay laminae vary greatly in absolute and 
relative thickness. 

There are also current laminae of coarse and fine silt which represent day-and-night or weather changes 
of a few to several days. 

Four major laminations have been distinguished: Simple varves, drainage varves, composite varves, 
and unvarved laminations. The two latter types are, generally speaking, rare and abnormal, and conse- 
quently a broad isothermal lake zone and greatly variable, or samenien mud inflow must have been 
exceptional. 
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In May 1946, the late Professor Terence T. 
Quirke wrote Dr. Henry R. Aldrich, Secretary 


(oe of the Geological Society of America, that 

o§ mining operations had revealed exceptional ex- 
a posures of laminated glacial clays in Steep Rock 
= Lake north of Atikokan, Ontario, 145 miles 
a a north of the western tip of Lake Superior, and 


urged that the opportunity for study be 
grasped. With a research grant from the So- 
ciety, I studied these clays in the field July 16 
to August 22 that summer. 

After drilling explorations, begun in 1938, had 
established the presence of three substantial 
deposits of red and brown Bessemer hematite 
under the waters of Steep Rock Lake, the 
Steep Rock Iron Mines, Ltd. in 1942-1944 
diverted the Seine River which flowed through 
the lake and pumped out most of the lake 
(Figs. 1-4), both tremendous undertakings 
(Roberts and Bartley, 1943, p. 1, 15; Skillings, 
1946a; 1946b; Anonymous, 1949; Reebel, 1950). 
Rock-cut canals were blasted at Raft Lake 
between Marmion (Moose) and Finlayson lakes, 
and a deep cut was made through the gravelly 
cae stadial moraine which dammed Finlayson Lake 
= in the south, diverting the Seine through Finlay- 
: son and Barr lakes to the north end of the West 


state, the water body 2 miles above Steep Rock 
Lake, called Moose Lake, stood at 1308 feet and 
discharged by the Seine over a 45 feet high fall 
into Falls Bay of Steep Rock Lake, standing at 
1263 feet. Several years ago, for water power, 
dams were built between the lakes raising the 
upper one, renamed Marmion Lake, 55 feet to 
the elevation of 1363 feet. This level is still 
maintained; but the height of the dams has 
been increased to prevent overflow to Falls Bay. 
Finlayson Lake has been lowered from 1398 to 
1340 feet. 

After the diversion, dams were built at the 
Narrows between Middle and West Arms, just 
south of the mine settlement and post office of 
Steep Rock Lake, and the three upper arms of 
the M-shaped Steep Rock Lake were lowered 
by pumping, begun on December 10, 1943. In 
the late summer of 1944, removal was begun 
of the thick overburden, mainly glacial clays, 
from the ore body in the south-central part of 
the lake. The loose overburden was attacked by 
high-pressure water jets or monitors, and the 
resulting watery mud was picked up by pump 
dredges and forced through large pipes up and 
out of the basin. Late in 1944, the first or 
shipments were made. On June 2, 1945, the 
remaining water body in the northern part of 


- = 
1224 
Py 
9 


Rock j1258 


e natural 
eep Rock 
3 feet and 

high fall 
anding at 
er power, 
ising the 
5 feet to 
2] is still 
lams has 
alls Bay. 
1 1398 to 


It at the 
rms, just 
office of 
arms of 
lowered 
1943. In 
is begun 
al clays, 
| part of 
icked by 
and the 
yy pump 
up and 


INTRODUCTION 


1225 


Sioux 


e Lookout 


y, 


ff Falls 
( 

‘el 


1284’ / 
Divide 
—— 5 40 41S Km 
9°45" 30 


Ficure 2.—LocaTion Map oF GREATER STEEP ROcK LAKE REGION, ONTARIO, BEFORE DIVERSION 


OF SEINE RIVER IN 1942-1944 
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the Middle Arm (Mid-West Arm) stood at 1118 
feet, or 145 feet below the natural lake level, 
and the residual lake in the deep Falls Bay 
(Mid-East Arm plus Falls Bay) at 1170 feet. 
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W. Bartley, Geologist, and Messrs. S. G. Hap. 
cock, K. L. McRorie, and R. M. Belliveau, 
Engineers, supplied me with useful data and 
maps and showed me many courtesies. Mr, 


R 


Ficure 3.—LocaTion Map oF Streep Rock LAKE AND Vicinity, ONTARIO, BEFORE DIVERSION OF 
SEINE RIvER IN 1942-1944 


Most of the glacial sediments in Steep Rock 
Lake proved to consist of alternating simple 
silty and clayey laminae. The former were 
summer, the latter winter deposits, and a 
couplet records the year, is a varve. About 40 
feet of the sediments show extreme variations 
of the winter clays and, frequently, faint to 
distinct clay laminae in the summer component. 
The main objects of this study were to de- 
termine the causes of the unusual laminations, 
to decide which clay laminae record winters 
and varve limits and which merely mark inter- 
ruptions in the summerly mud influx, and to 
estimate the length of the controlling weather 
cycles. 

The Steep Rock Iron Mines, Ltd. generously 
offered me room, board, and transportation. 
Mr. M. S. Fotheringham, General Manager, 
now President and General Manager, Dr. M. 


Fotheringham has also kindly furnished the 
airview and the photograph of the clay ex- 
posure. My friends the late W. A. Johnston and 
Dr. T. L. Tanton of the Geological Survey of 
Canada and Dr. M. E. Hurst of Ontario 
Department of Mines have given me valuable 
data and good advice. 


NATURE AND STRATIGRAPHY OF THE CLAYS 
General 


Except for locality 1 (series I), all the studied 
clay sections occurred below the natural level 
of Steep Rock Lake at 1263-feet altitude (Fig. 
5). In the south-central part of the M-shaped 
basin, the loose deposits were exposed at many 
places by the stripping operations and by 
consequent land sliding and gully cutting. A 
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Ficure 4.—Course oF Serve River AFTER DIvERSION IN 1942-1944, AND Proyectep Course 
Finlayson Lake has been lowered, Barr Lake has been raised, and the greater part of Steep Rock Lake 


has been pumped dry. 


general profile is as follows: 


At top, 5 to 10 feet of very dark organic matter. 

About 100 feet of laminated glacial sediments, 
called clays in accordance with common practice, 
though they actually range in grain size from sand 
to stiff clay. About 60 feet of the clays are distinctly 
to beautifully varved (series II and III and varves 
1-120 of series VIII). The remaining 40 feet of 
the sediments are abnormal, being exceptionally 
stiff (series VII), or containing greatly variable 


winter clays and thin to moderate summer clay 
laminae, that is two distinct kinds of clay laminae 
whose ranges of variation overlap (series IV-VI 
and upper half of series VIII). 

A few to 40 feet of bouldery till, resting on bed- 
rock. 


These clays from below the shore line of 
Steep Rock Lake are divided into seven series 
by abrupt changes in consistency, varvity (year- 
stratification), and other lamination and 
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bedding (Fig. 6). Series IT to IV and VI to VIII 
are continuous, but the transitions from series 
IV to V and from V to VI were not seen un- 
disturbed. 


TABLE 1.—THICKNESS (IN MM.) OF THE VARVES 
or Series I 


One measurement 


0 1 2 3 4 6; 7] 8] 9 
—| 12) 14 21) 12) 10 
10; 12 | 17; 5| 12/15] 8 13) 9 10) 8 
20; 10; 8/17/11; 10; 8 6 8 7 
30; 8] 8] 5} 5} 6 
40; 6| 3; 8] S| 6 12) 11) 8 
60; 11} 8} 6} 7} 7] 10) 8 15) 10; 7 
70; 9) 4) 5) 4 S|} 8 7 
80; 5] 7} 8] 8| 10,15) 5} 6 9 
90; 10; 8| 6| 6; 3/11) 9 6 S| 5S 

100; 8j|11| 9/12) 6 6 6 7 7 
110; 7| 9) 12] 10) 7 7 5) 13 
1200}; 7| 8| 8|12;12; 


The main data on the clay series are given 
in Figure 6. The exposures that required the 
least spade work and had the right moisture 
content to make the varves distinct were 
measured first; others were recorded as needed 
or found desirable. For control, usually two or 
more measurements were made at each site. 
The gaps in the measurements at the individual 
stations are therefore not necessarily signifi- 
cant, but at localities 17 and 24 only series VII 
and VIII were exposed. The series with ab- 
normal lamination were for the most part 
sampled in zinc troughs, 1 x 2 x 12 inches 
(samples 1-33). 

Tables 1-4 give the thickness in millimeters 
of the individual varves of series I, IT, III, and 
lower half of VIII, usually the averages of the 
two or more best records. In correction for 
numbers of varves, all measurements were 
used, two or more agreeing measurements cor- 
recting a different one. 

This chapter is largely descriptive. Explana- 
tions of the various laminations will be at- 
tempted first after surveys have been made of 
the late glacial history of the region, of the 
thermal conditions and of the circulation of 
glacial Steep Rock Lake, and of the mud 
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supply. The most instructive laminations wil] 
be used as examples in the explanatory section 
and will only be mentioned in the present 
chapter. 


Series I 


On Mosher Point the following section, lo- 
cality 1 (Fig. 5), was observed: 


At top, 7 feet of bouldery till. 

3.5 feet (1.05 m.) of varved silt, varves 5-125, 
The varves consist of light-gray summer silt and 
gray-brown winter clay so thin as in several cases 
to be difficult to discern. 

1 foot (3 dm.) red silt anda few thin clay laminae, 
probably four varves. 

Stony and bouldery till at about 10 feet above 
the original shore of the lake, or at 1273 feet eleva- 
tion. 


This is the only varved deposit measured 
above the natural shore of Steep Rock Lake. 
It is the oldest one found in the basin and is, 
as the till cap shows, separated from series II 
by a distinct time interval. Varve thicknesses 
are given in Table 1. 


Series II 


Series II (Fig. 6) is the oldest varved sedi- 
ment seen in the lake floor. The lowermost 
varves were not accessible, but the first varve 
given in Table 2 probably was deposited less 
than 25 years after the ice left locality 3 (Fig. 
5). At this place, a bouldery till deposit below 
the varves listed may have been ice-rafted. 
Below the till were some accessible coarse 
varves which measured in upward order 22 cm. 
10, 70, 20, 23, 23, 28, and 38 cm. The first 
varve consisted of about equal parts of sand 
and silt and of 4 mm. gray clay. The thickest 
varve was composed of 18 cm. red clayey silt, 
38 cm. gray sand, 13 cm. red silt, and 1 cm. 
gray winter clay. The other varves consisted of 
red silt and about 5 mm. gray winter clay. 

Series II was measured at localities 2 to 7 and 
9 and at the altitudes of about 1090-1240 feet 
(Fig. 10). The continuous series comprises 570 
Uistinctly developed varves and is at localities? 
(varves 1-100, 480-570) and 6 (varves 10! 
479), 37 feet or 11.3 m. thick. The average varvé 
thickness at the stated localities is: Varve 
1-27, 132 mm.; 28-100, 23 mm.; 101-47, 
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TABLE 2.—THICKNESS (IN MM.) OF THE VARVES 


or Series II 
Mean of two or three measurements 
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500 
510 
520 
530 


540 
550 
560 
570 


81:9 
15) 17) 9} 15) 8 
8 8 9 6 10 
9| 14, 8 12) 7 
19) 15) 165 6 8 
17} 11} 15) 7 
14) 18) 6) 11) 10 
8} 15} 11) 11) 12 


TABLE 3.—THICKNESS (IN MM.) OF THE VARVES 
or Series III 


Mean of two or three measurements 


O | — | 135) 150} 110} 125) 25) 40) 38} 28) 18 
10 | 27 | 12) 18) 14) 21) 22; 8 9 14) 15 
20 | 20; 15) 14) 13) 9] 17) 18) 13) 17 
30 | 14} 13) 11) 17} 23) 15) 16] 15) 16) 14 
40 |} 14] 11] 12) 13) 7| 13) 20) 10 
50 | 19 | 28) 22) 30} 22) 12) 25) 11) 16] 18 
60 | 21 | 13) 17]; 19) 15) 14) 15) 11] 15) 13 
70 | 13 | 15} 17} 30} 12) 18) 15) 10] 19) 14 
80 | 17 | 13) 30) 14) 20) 22) 14) 18) 12) 7 
90 | 13 | 15} 19) 11] 12) 13) 10) 16) 17) 19 
100 | 14 8} 14) 15) 15] 20) 11) 8] 17| 16 
110 | 12 | 14) 18] 23) 17] 14) 11) 7] 12 
120 | 13 | 15} 16) 14) 11] 15) 15) 12) 14) 9 
130 | 15 
TABLE 4.—THICKNESS (IN MM.) OF VARVES 


1-119 or Series VIII 
Mean of two or three measurements 


13.4 mm.; and varves 480-570, 10.5 mm. The 
varves are listed in Table 2. 


Taste 2—Continued 
0 1 2 3 a 
9 7) 7 6 
| 55] 45 8 10) 9 14 12 
20 | 45} 58} 22] 47/115] 40) 85) 57] 44 18} 11) 8 9 14 
30 | 63] 49} 42! 10) 24] 28) 14) 42) 17 10, 8 13; 13) 8 
40 | 18} 25} 51} 25] 27| 26] 20) 13) 31 11) 13) 14 11) 11 
50 | 25| 12| 19] 19] 27] 32] 20] 28 —|—|-—|-| 4 
6o| 23| 191 26] 12| 25| 15} 13} 19 
70| 11] 16| 15| 15] 20| 18| 16] 25| 14 
ao | 14) 15| 18| to] 12] 19) 11| 13| 27 
90| 28| 26 15| 23] 18] 15| 10] 12] 12 
110 | 19} 13} 10] 15] 18] 18] 10] 14] 13| 22 | 
120 | 22} 18| 14} 20] 17] 27| 12| 23] 24 
130 | 20} 12} 21] 22) 23] 12] 13| 10] 14| 17 
140 | 18} 14| 12] 18] 17] 10] 10| 10| 15| 24 
150 | 45} 14| 15} 20] 17] 12| 17| 4| 22] 16 
160 | 19} 14] 25] 15] 15] 17| 18] 10} 11] 12 
170 | 13] 15| 17] 18) 17] 14) 17| 11| 9 
190 | 15] 8| 13} 17| 15] 23| 17| 17| 16] 13 
190 | 24] 23| 15] 17| 18) 26] 16] 16 
200 | 13] 21| 16] 13] 13| 9| 16 
210 | 16] 21) 14) 13] 12) 11] 16 
220| 15] 17| 12! 11| 10| 18 
230| 14| 13] 10] 15| 18] 16| 24| 27 
ed sedi- 240| 12] 14] 14] 20) 14] 8) 17| 15] 18] 17 
wermost 250{ 12] 14] 15] 14| 12] 17] 11 
st varve 260| 19] 13] 16] 23] 22) 12| 11 20] 15] 11 
ited less 270| 15] 21] 10] 17] 15] 9] 19] 6| 14 
(Fig. | 280| 13] 24} 11) 15] 16] 11] 10) 21 
it below | 290| 10] 16] 19} 13] 10) 19] 26] 14] 17| 7 
e-rafted. | 13) 14} 17} 12} 15) 10} 11] 14} 11] 14 
coarse | 14 12) 5] 7} 5) 15] 17] 10} 13) 12 
| 220} 15) 15) 17) 11 13 
330} 15] 11] 16] 10) 11 12] 16] 14 
The first | 340 42) 17] 15] 16] 15| 12] 12] 15] 13 
of sand 350} 8| 16] 11) 14} 10] 19] 17] 16] 13 — | 250] 58 | 37 | 38 | 25] 30] 13] 24 
thickest } 20! 13] 11] 7] 13) 14) 13] 13] 14] 12 16| 55|90| 20 | 20| 17| 25] 10 
yey silt, 9} 7 17] 101 17] 7| 19] 13] 11] 6 117 | 14] 30 | 17 | 11 | 28] 25] 21) 23) 18 
d 1 om. 15] 10 20} 10] 16] 17 | 14] 16] 13) 13| 19] 10 
sisted of 11] 16 | 17 | 13] 16 | 24 | 24 | 22] 25] 21] 28] 16 
clay. Bl ol 6 | 20 24| 20 | 25 | 22 | 261 20] 24! 20) 21 
16| 11 | 21) 16] 21 | 15 | 19 | 15} 19] 27] 20] 20 
740 feet 719 | 20} 18 | 19 | 21 | 23] 18] 19] 13] 18 
510 9] 8 18 | 19| 16 | 18 | 15 | 16| 12] 18] 20 
12| 13 11 | 14] 10] 15 | 16 | 15| 13] 10| 14] 15 
calities 12/12 100|13| 20| 15 | 13 | 15| 19] 16] 21/ 18 
ves 101 110 | 19| 10] 15 | 16| 10 | 17] 17) 18] 18] 18 
Varves 480 | 20) 11] 13) 10} 14) 8} 10) 24 
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Varves 1 to 63 are generally red-brown or 
rust, but the color gradually weakens upward. 
The first 30 varves consist mainly of red-brown 
silt which in several of the thick ones is sandy. 
The clayey winter laminae are generally 2 to 
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winter laminae have the following thicknesses: 
In varve 80, 10 mm. and 4 mm.; in varve 190, 
9 and 6 mm.; in varve 300, 8 and 5 mm; in 
varve 400, 4.5 and 4.5 mm.; and in varve 510, 
6 and 6 mm. The uppermost part of the series 


100 


5 mm. and gray or bluish-gray. At locality 3, a 
few winter deposits are double, consisting of a 
lower gray lamina and an upper brown one, 
and are about three times the normal thickness. 
For instance, varve 8 consists of 17 cm. brown 
silt and of 6 mm. gray and 12 mm. brown clay. 
Many summer components contain somewhat 
clayey, fuzzy laminae, and the upper edge of 
the winter clays is frequently unsharp, sug- 
gesting that the deposited clay was stirred and 
mixed with silt when the melting began the 
following spring (sample 1, Pl. 2). 

Beginning at varve 64, the deposit is gray to 
brownish-gray, the summer layers being light 
gray, the winter layers dark gray. The ma- 
terial of the summer components gradually 
grows finer upwards in the series, changes from 
silt through clayey silt to silty clay. At the 
same time it very slowly decreases in relative 
thickness in the individual varves. Varves 66- 
75 consist at locality 2, at an average, of 15.5 
mm. summer silt and 2.5 mm. winter clay 
(sample 1). In later varves the summer and 
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Ficure 5.—LocaTion Map or Stupiep Cray Locatitres SouTH-CENTRAL STEEP Rock LAKE 
Except for number 1, all sites are below the historic shore line 


closely resembles sample 2 which shows varves 
107-131 of series III (Pl. 2). 

The relative thickness of the varves at lo- 
calities 3 and 2 is of interest: 


Absolute thickness in cm. 
Varves Loc. 3 Loc. 2 
5-24 321 178 
125-144 35 33 
221-240 30.5 26.5 
501-520 24 21 


Thus the sedimentation was at first much 
greater at locality 3 than at locality 2, later 
slightly larger. This may have been a conse- 
quence of location. Locality 3 was slightly 
closer to the northward retreating ice border 
and had somewhat deeper water (Fig. 10). 


Series III 


This series begins with four drainage varves— 
varves excessively thick in relation to theif 
normal neighbors—which rest conformably on 
varve 570 of series II, as seen at localities 2 and 
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9 (Fig. 7). The drainage varves will be de- 
scribed later. 

Besides the four megavarves, the series con- 
tains 127 simple varves (Table 3; sample 2, 
Pl. 2). It is 8 feet (2.45 m.) thick at locality 2 
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discernible when the bed is moist, but they 
stand out when it is relatively dry, as seen in 
sample 2 (Pl. 2) which shows varves 107-131 
at locality 9. The fine texture of the material 
suggest that the northeastern ice border was 


| |3433 204 
Bl 
VII} | 30 19 20 2f 22 23 
2 6 
us | i 700 
TS | 131 
8 
F? | — 500 
400 7 400 
3.7 —300 
Il |T2] 1 a3) 570} 300 
| 200 200 
| 100 — | 5 —100 
years 4 6 years 
0 
4.5 1425 
(435) 


Ficure 6.—Summary OF DATA ON THE EiGHT CLay SERIES 
F. Figure; T. Table. Vertical lines denote the varve series measured at each locality. Procedure of meas- 


uring and correlating varves by 


Gerard De Geer’s method is described in earlier 


rs (Antevs, 1922, 


p 2 1925, p. 9). Observed parts of clay series II-VIII are about 93 feet (28.3 m.) thick and contain some 
varves. 


and 7 feet (2.15 m.) at locality 9. It was 
measured at the altitudes of 1100-1200 feet 
(Figs. 6, 10). 

Locality 6 was much more influenced by the 
drainage than were localities 2 and 9, and the 
effect petered out after some 20 years (Table 5). 
The drainage must have occurred to the north- 
west of locality 6. Throughout the series, the 
deposition was larger at locality 6 than at 
number 2,where it was larger than at locality 
9. 

Varves 1-12 consist of yellow or rust-colored 
silt, partly coarse in the thick ones, and of 
gtay winter clay. Beginning with varve 13, the 
bed is gray or brownish-gray. It is fine-textured, 
for the summer layers contain clay. As a 
consequence, many varve limits are not surely 


far away, and that the western one was behind 
a submerged barrier. 


Series IV 


This series rests conformably on varve 131 
of series III, as observed at localities 2, 9 
(sample 3, Pl. 3), and 10. It starts with an 
enormous increase in the mud influx, for the 
first varve averages 19 cm. while the under- 
lying varves average only 12 mm. The con- 
tinuous part of the series, shown in samples 
3-9 from locality 9 (Pl. 3), up to the dis- 
conformity measured 1.8 m. thick. At this 
place, the white sand layer in the middlle of 
sample 7 occurs 1.2 m. above the base, and at 
locality 11 the series extends 1.25 m. from the 
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sand layer upwards to the ground surface, 
making the observed part 2.45 m. or 8 feet 
thick. The number of varves is probably about 
80. The top of the series was disturbed or 


/ 


source in the northwest which more than 
doubled the average annual deposition. 

The series consists of light-yellowish or light 
brownish-gray silt or sandy silt and of dark 


Ill 
10 20 30 


551 560 570 


FicurE 7.—Varve Grapu or Top or Series II anp Base or Series III 
At Locality 9. Half actual thickness. Heavy staples are winter clay. Dots mark coarse silt; dashes mark 


faint clay 


TABLE 5.—THICKNESS (IN CM.) OF GROUPS OF 
VarvEs AT Locatities 6, 2, AND 9 


Varves Loc. 6 Loc. 2 Loc. 9 
1- 4 117 59 52 
5- 14 36 22.5 21.5 

21- 30 17 14.5 12.5 

101-110 16.4 13 12.3 
186.4 109.0 98.3 


eroded in all available exposures. The series 
was observed at the elevations of 1150-1200 
feet (Figs. 6, 10). 

Varve 1 is fully four times thicker than the 
mean of varves 2-4 (Table 6). At locality 9, 
varves 5-14 have an average thickness of 26 
mm., the last varves of the preceding series one 
of 12 mm. Clearly, the great thickness of 
varve 1 was largely a consequence of a drainage 
into Lake Johnston of a higher lake because of 
failure of its dam. As shown by the decrease of 
the varve from locality 2 to locality 9, the 
drainage introduced a mud inflow from a new 


clay laminae which range from mere streaks to 
several millimeters in thickness. Judging from 
the coarseness it was deposited rather close to 
the source of the mud. Ice in the west may have 
pushed eastward and thereby diverted a south- 
ward drainage stream into Steep Rock basin. 

The structure of series IV changes gradually 
but distinctly (Pl. 3), so that samples 4 and 8 
are very different. The former shows distinct 
winter clays, the latter does not. Beside the 
variable winter clays, there are subordinate 
summer clay laminae, and the ranges of these 
two kinds of laminae overlap. The resulting 
laminations include simple varves, composite 
varves, and unvarved deposits. 

Sample 4 is used as an example in the later 
discussion of winter clays and summer clays. 

In sample 5 (Pl. 3), the clay laminae num- 
bers 14, 16, 19, 24, 28, 30, 31, and 32 are 
decidedly more prominent than the others. It 
might be argued that they alone are wintet 
deposits. However, the clay laminae 18 and 27 
are 3 mm. thick and comparable to numbers 5 
and 6 of sample 4. And the four clay laminae 
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numbers 20-23, which are 1.5-2 mm. thick, 
appear to be too prominent to represent sum- 
merly intervals of no silt supply, since their 
formation, because of slow settling of clay, 
would have required a large part of the summer. 


TABLE 6.—THICKNESS (IN MM.) OF SUMMER AND 


WinteR COMPONENTS OF THE First Four 
VARVES AND THEIR INDIVIDUAL 
AVERAGE THICKNESSES 


Mean 

Varves| Loc. 2 Loc. 10 Loc.9 | thick. 

ness 

1 | 160 and 70 | 120 and 60| 95 and 55| 190 

2 | 70and 7| 40and S| 32and 54 

3 | S8and 5| 40and 7/ 28and 7| 48 

4 | 35and 3) 30and 6| 18and 5; 32 
1-4 | 323 and 85 | 230 and 78 | 173 and 75 

1-4 408 308 248 324 


Thin winter laminae, on the other hand, can be 
explained by scarcity of fine clay because much 
day had been deposited in the course of the 
summer or had been carried through the lake. 
Therefore at least several of the subordinate 
clay laminae may mark winters. The clay 
laminae numbers 17, 22, and 26, which are 
1-1.5 mm. thick, can be either faint winter or 
prominent short-term deposits. The remaining 
dark laminae are probably or surely short-term 
ones, that is the clay laminae were probably 
formed during intervals between large mud 
inflows from clayey mud which was carried to 
great depth by the circulation. The two lower 
dark laminae in varve 19 are coarse. Lamina 
couplet 15, which consists of 5 mm. rather 
coarse silt and 1.5 mm. clay, may or may 
not bea varve. It might record a drainage late 
in the winter and belong to number 14, or it 
might represent a spring thaw and a following 
cold spell and be part of varve 16. 

In sample 6 (Pl. 3) the clay laminae 31-34 
are of the first order, while numbers 35, 36, and 
40 are close seconds. These are sure winter 
laminae. Numbers 37, 38, 39, and 41, though of 
third order, may be fairly certain winter 
laminae, while a few others, marked by dots, 
are very doubtful. There are in the sample 
several distinct short-term lamina couplets of 
the silt-and-clay kind, f.i. seven in the probable 
varve 33, one in numbers 34 and 37, and six in 
varves 40 and 41. 
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Clay laminae 42, 43, and 44 in sample 7 are 
3-4 mm. thick and are sure winter deposits. 
Those numbered 41, 45, 46, and 47 are 1-2 mm. 
and probably mark varve limits. Most of these 
varves, which measure 9-35 mm. thick, contain 
1-5 short-term lamina couplets. 

Above varve 47, only the laminae numbered 
48, 51, 54, 55, 57, and 58 resemble probable 
winter laminae (Pl. 3). The sediment is largely 
made up of numerous subordinate silt-and-clay 
lamina couplets. Strictly speaking the cyclic 
effect is in most cases produced by three 
laminae, a lower light-gray silt, a gray clay, and 
a thin capping of rust-colored clay, which 
frequently has a fuzzy upper edge and contains 
coarse grains. The silt, which occupies half to 
three-quarters, grades into the clay which is 
coarse. It is mainly the rusty color which 
produces the dark laminae seen in the pictures. 

The subordinate lamina couplets are re- 
markably even, and, up to the middle of 
sample 8, average 4 mm. in thickness, then 3 
mm. They should record the same period. In the 
fairly sure varves 48, 55, and 58, they are i7, 
13, and 17 in numbers, the winter couplet 
excluded, suggesting that the period might be a 
weather cycle of about a week’s duration, for, 
as discussed later, the glacier streams perhaps 
brought large amounts of mud for a summer 
period of some 17 weeks or 4 months. The 
couplets are too well graded, too thick, and too 
few to record the 24-hour cycle. 

Since the discernible winter clays are rather 
widely spaced above varve 48, it seems possible 
that some faint clay laminae mark winters, as 
indicated by dotted lines. The thicknesses of 
the probable and possible varves and the num- 
ber of their small lamina couplets are, the 
winter couplet not counted (PI. 3): 


‘umber of contained 
Thickness silt-and-clay 
Varve mm. cou; 
48 78 17 
49 61 13 
50 52 13 
51 62 16 
52 55 13 
53 40 13 
54 42 12 
55 13 
56 40 13 
57 48 16 
58 62 17 
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Part of the series thus lacks distinct winter 
laminae, is unvarved. This means that practi- 
cally no clay remained to settle in winter, 
because the clay which had been brought into 
the basin had mostly been deposited during the 
summer to form the subordinate laminae, orhad 
in part been transported through the lake. 


Series V 


Series V is incomplete in the exposures that 
existed in 1946 (Fig. 6). Neither the base nor 
the top were seen. The preserved part at the 
main locality, number 12, measured 14.5 feet 
(4.4 m.) in thickness. It is shown in samples 
10-24 (Pls. 4, 5). Sample 10 is underlaid by 2 
feet of almost massive clay which probably 
derives from a moderately distant drainage. 
This clay is in turn underlaid by 2.5 feet of 
contorted clay, below which is varve 121 of 
series III. Series V was consequently not ob- 
served above series IV, but its stratigraphic 
position is given by its disturbed top being 
overlaid by series VI. 

As indicated by the coarseness of the ma- 
terial, series V is a relatively proximal deposit. 
It thus agrees in general appearance with series 
IV, but not in details. The changes which 
introduced the series were probably an enlarge- 
ment of the ice area that drained through 
Steep Rock basin and greater water depth 
because of 50-100 feet lower altitude of the 
sites, these being located at 1100-1115 feet 
(Figs. 6, 10). The mud was probably supplied 
mainly via the Middle Arm, for the varves are 
about equally thick at localities 12 and 13, and 
transportation by way of Falls Bay would have 
favored locality 13. The deposit is gray with the 
coarsest components and some clay laminae 
rust-colored. 

This series has the most complicated lamina- 
tion of all. Except in the top samples the 
laminae are sharp without sign of stirring 
(Pls. 4, 5), perhaps owing mainly to the large 
depth of the water, which probably was about 
250 feet. The winter deposits vary considerably 
in absolute and relative thickness. In a few 
cases, especially in varves 15/16 there is, instead 
of a break, a gradual transition between the 
varves, probably because there was still col- 
loidal clay in suspension when the spring melt- 
ing began. Some winter clays (f.i. varves 6, 34, 
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35, 36, 42) are double, consisting of a lower 
dark-gray and an upper brown or rusty lamina. 
In the same or in other instances there is one 
or more intercalated silt lamina. If this lamina 
occurs in the lower part of the winter clay, it 
may represent an Indian summer, or a drainage 
(varves 35, 36). In varve 16 there are two such 
silt laminae. If the silt occurs on the top of a 
distinct clay lamina, it may represent a drainage 
or the first spring melting and the overlying 
clay a return to cold weather (varves 9/10). 

The subordinate laminae which are dark in 
the pictures are the extremes in grain size, 
being either of clay or silty clay, or of dark 
sand or red-brown or dark-gray coarse silt. 
The laminae of sand, coarse silt, and fine silt, 
which mostly form couplets, may have been 
produced by variations in the strength of the 
mud-bearing current. The clay laminae in the 
summer component required special conditions 
They form couplets with underlying silt 
laminae. 

In samples 10-19 (Pls. 4, 5), it is in most cases 
possible to discriminate between winter com- 
ponents and short-term clay laminae. Most 
varves are rather thick and contain some coarse 
silt or fine sand, but several, as numbers 10-15, 
are moderate, contain large proportions of clay, 
and resemble distal parts of varves. 

The lower distinct black lamina in the sum- 
mer component of varve 3 consists of rust- 
colored silt, the upper one of dark sand. The 
minute laminae are of silt. In varve 5, the two 
dark middle laminae are of clay, all the others 
of silt. The clay laminae may be, but probably 
are not, a winter deposit. This varve has layers 
of sandy or coarse silt which grade into fine 
silt forming distinct couplets. The thickest and 
coarsest of these perhaps represent small drain- 
ages. Moderate couplets, as those at the base 
which are 6, 5, and 4 mm. thick, may represent 
weather cycles of about a week. Other lamina 
couplets, for instance at d, which average 
about 1 mm., may represent the day-and-night 
cycle. 

The deposit between winter clays 7 and 8 is 
20 cm. and contains many irregular laminae 
(Pl. 4). Some of the dark laminae, especially 
those marked by dotted lines, are of coarse 
clay, the others of dark or red-brown coals 
silt. The minute ones’are of silt except a few in 
the upper part which are of clay. Because the 
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lamina couplets are so irregular, it is difficult to 
judge their time significance. However, the 
deposit must be either one summer component 
or five varves. If the former, the deposition was 
exceptionally rapid. If the latter, the trans- 
portation of practically all the fine clay out of 
the basin presents a problem, but the rate of 
deposition would have equalled that of the 
preceding and following years. 

The varve boundary 15/16 is indefinite, for 
the winter clay grades into brown silty clay and 
dayey silt which in turn gradually changes into 
predominantly gray summer silt. In varve 16, 
the spring deposits are finely laminated with 
clay, the summer deposits with coarse silt. The 
overlying brown winter clay contains two light- 
gray laminae of clayey silt. The varve is 9.8 
cm. thick. Also the winter clay number 16 
grades into silty clay, indicating slow resump- 
tion of ice melting. The lamination of the winter 
component and the gradual transition to coarse 
summer deposit recall the zonary varvity in the 
Danish clays (Hansen, 1940, p. 470, Figs. 39, 
41, Pl. 38, Q). The distinct dark laminae near 
the top of summer deposit number 17 consist 
of clay and overlying dark sand; other dark 
laminae are coarse silt. 

The summer deposit of varve 18 (Pl. 4), 
which is 11.5 cm. thick, consists of five main 
components. The upper four, marked by bow 
lines on sample 14, each begin with brown 
coarse silt and grade into gray fine silt or 
dayey silt. Each component contains subordi- 
nate silty laminae or laminae couplets, which 
may each represent a few days or 24 hours. 

The deposits between the winter clays 18 and 
19, which measures 14.3 cm., contains four 
groups of clay laminae of which about nine are 
fairly distinct and 1-2 mm. thick. The groups, 
however, can hardly be winter deposits, since 
their fine silt laminae would imply intermittent 
ice melting throughout the winter, and so warm 
years would in turn postulate much thicker 
varves. Rather, the entire deposit may repre- 
sent a single summer, and the melt-season may 
have consisted of five major periods, each with 
several subordinate weather changes, those 
during periods of heavy melting recorded by 
current lamination. A similar reasoning may be 
applied to clay and silt laminae in varves 20, 
26, 27, 28, 39, and 40 (Pls. 4, 5). 

Varves 23 and 29 will be discussed later and 
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samples 20-24 will be used to illustrate a 
discussion on winter and summer clay laminae. 

The exceedingly variable deposition of the 
series records marked climatic changes ranging 
in duration from one to several years, and it 
indicates many and distinct weather changes 
during the melt-season. 


Series VI 


Series VI occurred above the disturbed top 
of series V at locality 14 (Figs. 5, 6). It measured 
5 feet (1.5 m.) at this locality and 4 feet 
(1.2 m.) at locality 16. It contains about 51 
varves. It was observed at 1115-40 feet eleva- 
tion (Figs. 6, 10). The entire series at locality 
14 is shown in samples 25-30 (Pl. 6). It begins 
with a drainage varve which at localities 14, 
15, 16, and 3 measures 15, 11, 11.5, and 6 cm., 
respectively. At locality 14 it consists of 2 cm. 
silt, 12 cm. clayey silt, and 1 cm. winter clay. 
The thicknesses show that locality 14 was 
nearest the mud source, for it had little deeper 
water than the other localities (Fig. 10). This 
means that the mud came via Falls Bay. Varves 
2-25 total 90.5 cm. and average 3.8 cm. thick, 
suggesting that the source of the mud, the ice 
border, was several but not many miles distant. 
Varves 26-49 total 32.5 cm. and average only 
1.4 cm. thick. 

In the autumn of 1949, the colloidal clay of 
the winter laminae has shrunk making these 
stand out more distinctly than they do in the 
photographs which were taken in December 
1946. 

The material consists of clayey silt and is 
dark-gray or dark brownish-gray. In color it 
resembles series IV rather than series V which 
is in part red-brown. The bed is distinctly 
laminated, showing that the clay did not settle 
with the silt as in a symminct clay (Sauramo, 
1923, p. 82); still in a way the material is not 
well assorted, for the dark clay laminae contain 
lumps of light-gray silt. Since these latter are 
most numerous in the upper part of the clay 
laminae, making their upper limit spotted, 
ragged, and indefinite, the silt probably sank 
into the clay or was worked into it by stirring 
during the beginning of the next heavy mud 
influx. 

While thin varves in the series consist of one 
silt and one clay lamina, most varves have 
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secondary lamina couplets recording distinct 
variations in the mud influx and ice melting 
during the summer. These secondary couplets 
are all of the same type and consist of light- 
gray silt and of darker brownish or gray clay. 
They increase in number with the varve thick- 
ness, and range from 1 in varve 2 to 19 in 
varve 7 (Pl. 6). Those in varve 7 may conse- 
quently each represent about a week. 

Since winter clays and short-term clay 
laminae vary until their ranges meet and over- 
lap, it is in several cases not possible to de- 
termine to which category a clay lamina 
belongs. Such laminae occur in deposits num- 
bered 13, 17, 18, 23, 44, and 48, and have been 
marked by dots (PI. 6). 

Minute laminae of coarse silt due to increased 
current are present in silty parts of varves 13, 
24, and 50. Layers of silt and fine sand in 
varves 8, 12-19, 24, and 25 record small 
drainages. Silt laminae in winter deposits num- 
bers 8, 11, 12, 16, and 50 signify Indian summers 
or drainages. 

If the deposits between winter laminae 47 and 
48 is a single varve (Pl. 6), it begins an increase 
in the deposition. Varve 50 contains a silt layer 
of a drainage. The overlying deposit, 11 cm. 
thick, includes about 35 lamina couplets of the 
silt-and-clay type, but it lacks a distinct winter 
clay. Though the number of the couplets is 
larger than the probable maximum in a varve, 
which may be about 25, the whole deposit 
might have been formed in a single year with 
an exceptionally long summer. During the 
likely year 51, the mud supply was large and 
variable, but the current was weak, for coarse 
silt is present only at the base of the three 
thickest light-colored silt laminae. There must 
have been a proximal sedimentation trap. The 
frequent variations of the mud inflow, indi- 
cated by the great number of small laminae, 
suggest relatively short glacial streams, and 
therefore the increased quantity of mud may 
mean that a wider front of the ice was drained 
through the basin as a result of the change 
during year 50. 


Series VIT 


Series VII rests conformably on series VI at 
localities 3, 14, 16 (sample 30, Pl. 6), and 
17 (Fig. 5). It is 67 cm. thick at locality 14, 57 
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cm. at 16, and probably 45 cm. at locality 17, 
the mean thickness is 56 cm. or 22 inches. The 
observed exposures stand at 1115-75 feet alti- 
tude (Figs. 6, 10). A few varves measured at 
locality 3 have the same thickness as have the 
same varves at locality 14. The water depth 
was about 50 feet greater at locality 14 than at 
locality 17. These facts suggest that the mud 
inflow was about equally large via West Arm 
and Falls Bay. 

When moist, the deposit appears to be a 
practically massive, dark-brownish clay. When 
more or less dry, however, it proves to contain 
varves consisting predominantly of clay which 
is exceedingly stiff in most of the series. Only 
an eighth to a fourth of each varve is silt. The 
varvity is consequently of the distal type. 
Samples taken above that numbered 30 (PI. 6) 
were too uniformly dark when moist, and too 
shrivelled and cracked when dry, to be photo- 
graphed. The series seems to consist of 27 
varves, which at locality 14 average 26 mm. 
(Fig. 8). This series closely resembles the series 
of 24 chocolate-red varves described from the 
Wabigoon Valley (Fig. 1), about 70 miles 
north-northwest of Steep Rock Lake, by Ritten- 
house (1933; 1934) but is probably older. 

Varves of this series contain about as much 
silt as do many varves of series VI, but little or 
no clay settled in summer, and the amount of 
winter clay was several times larger. That is, 
large quantities of clay, much of it very fine, 
remained in the lake to deposit in winter. 
Therefore, the main change may have been 
that the lake now was directly semistratified, 
while it was isothermal during the formation of 
series VI. The large quantities of silt in some 
varves, especially numbers 50 and 51 (sample 
30, Pl. 6), intercalated between the typical 
representatives of the two series, were probably 
results of long and warm summers and tempo 
rary drainage conditions. 

After clay had begun to settle in the fall df 
year 25, a mud influx deposited 8 mm. of white 
fine sand and 3 mm. of red silty clay at locality 
14 before the regular dark-gray winter clay 
resumed settling (Fig. 8). In the summer 
year 27, another inflow deposited 8 mm. of fine 
sand and 4 mm. of red silty clay which underlie 
the dark-gray clay. The extra material obvi 
ously came from the source which later pre 
duced series VIII. 
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Series VIII The sand of the first varve was too loose to 

withstand the weight of the superimposed beds, 

This series was foreshadowed by small in- and the thick red winter clay formed an 
fows of white sand and red clay during the excellent glide plane, so that the varve was in 


VI VII 


#8 10 10 5 
Ficure 8.—Varve Grapu oF Tor or SERIES VI (Loc. 14), Entree Sertes VII (Loc. 14), anD BASE 


oF Series VIII (Loc. 17) 
Half actual thickness. Heavy staples are winter clay. Dots mark sand and coarse silt; dashes and staples 
in summer components mark subordinate clay laminae. 


years 25 and 27 of series VII. It begins with a most places compressed or slidden. However, 
drainage varve which consists of white sand its components had these thicknesses in centi- 
and silt and of red clay (Fig. 8). Varve 1 was meters at the stated localities, arranged in 
the only one preserved at or near localities 16 order from the northwest to the southeast: 


and 14, but the series was found at the south ’ White sand Red winter 
end of the basin (Figs. 5, 6). The series contains — = * 
about 200 varves (Figs. 8, 9; Table 4), and its ro 20 
mean thickness is about 19 feet (5.8 m.). At 17 20 5 
localities 14 and 16 it stands at 1120-35 feet, 20 1545 2 
at localities 9 and 17-24 at 1175-1250 feet 9 eae 4 
elevation (Fig. 10). 21 10 5 
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Not only the lowest varve but the bulk of 
the series has in most places given way to the 
pressure of the overlying deposits, and the 
thicknesses of the varves are more or less 
deformed, being reduced here, increased there, 
throughout the series, or for groups of varves 


TaBLE 7.—THICKNESS (IN cM.) OF GROUPS OF 
VarveEs AT DirFERENT LOCALITIES 


Localities | 22 17 19 20 9 21 
Varves 
2- — | 19.3 | — | 24.0] 25.0) 23.3 
15— 24) 41.6 | 14.0 | 18.6 | 19.3 | 17.5) 29.4 
25- 34) 30.2 | 16.6 | 22.0 | 19.5 | 21.0) — 
51- 26.4 | 20.0 | 25.2 | 20.7 ae 
91-100) 20.2; — | 14.0) 12.8); —| — 
111-120} 22.6; — — |15.8); —| — 


For instance, varves 25-34 are 26 and 22 cm. 
at localities 18 and 19; varves 51-60 are 18.4 
and 25.2 cm. at the same localities. 

The altitudes of these varves are: At lo- 
cality 22, about 1230-50 feet; at localities 17, 
19, 20, and 9, about 1175-1200 feet; and, at lo- 
cality 21, about 1240 feet (Fig. 10). The 
consistently greatest thickness of the varves at 
locality 22, though the water here was shallow- 
est, may indicate that this locality was nearest 
the source of the mud, that the ice feeding the 
glacial lake at this time was to the west. Varve 
number 1 suggests the same thing. 

While the varves of this series everywhere 
have more or less false thicknesses, those num- 
bered 1-11 and 14-120 are otherwise weil 
developed and distinct, consisting of white 
summer silt and of a winter clay which up to 
and including varve 24 is red, then successively 
reddish-brown, brownish-gray, and gray. The 
deposits here designated as varves 12 and 13 
have laminae of lower orders, and the former 
might be three or four varves, the latter five, 
six, or seven varves (Fig. 8). Varves 1-119 are 
presented in Table 4. 

Beginning with the deposits above winter 
lamina 120, there is often uncertainty about 
the varve limit, especially because it is difficult 
to judge whether thin clay laminae are squeezed 
winter laminae or short-term ones. Thus the 
deposits given the following varve numbers 
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contain these numbers of thinner clay laminae, 
indicated by staples in Figure 9, which with 
varying degree of possibility might be winter 
laminae: varve 121, 3 clay laminae; varve 122, 
2; varve 125, 2; varve 128, 6; varve 145, 3; 
varve 146, 1; varve 152, 3; varves 161, 163, 
165, and 166, 1 each; and varve 167, 3 clay 
laminae. 

Varves 168-185 at locality 22 are shown in 
samples 31-33 (Pl. 2) as well as in Figure 9, 
Since the sure winter laminae in this series are 
consistently thick, or 4 to many millimeters, 
the intermediate clay laminae, marked by dots 
in the samples, probably do not mark varve 
limits. The fuzziness of the faint dark laminae 
and of the upper limit of most of the inter. 
mediate laminae and of a few of the sure winter 
deposits is caused by lumps of white or light- 
gray silt. The silt may have been worked into 
the previously deposited clay by stirring, en- 
abled by isothermy and/or shoaling of the lake. 
The laminations recall those seen in samples 1, 
5, 6, and 25-29 (Pls. 2, 3, 6). The wavy lines in 
varves 174-176 (Pl. 2) can be caused by wave 
action or by failure of the clay bed under 
pressure. Varve 176 contains a fault with a 
throw of 2 mm., as is evident on the sample 
after removal of a mud plaster which obscures 
the picture. As the year deposits are inter- 
preted, the summers had up to nine (varve 
174) cold spells or practical interruptions in 
the melting. | 

The topmost varves, numbers 186-201, re- 
semble those seen in samples 31-33 (Pl. 2), 
except for being somewhat coarser (Fig. 9). 
Varves 189-193, 195-198, and 200 consist of 
one silt and one clay lamina. The other deposits 
regarded as varves contain thin clay laminae 
some of which might be winter laminae. The 
numbers of the thin clay laminae are: in varves 
186, 187, and 188, 8, 2, and 5; in varve 1%, 
13; in varve 199, several faint ones; and in 
varve 201, 4 distinct and several faint clay 
laminae. 

Varve 201 was overlaid by 2 feet of faintly 
laminated clayey silt, which in turn was super 
imposed by 6 inches of silty sand, which formed 
the modern lake floor, some 10 feet below the 
water level and shore line, until the pumping 
operations were started on December 10, 1943. 
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100 No 120 


+3cm. 
+8cm, 3 


‘60 170 


180 190 200 


Ficure 9.—Varve Grapu or Upper or Series VIII 
Varves 100-127 were measured at Loc. 20, varves 128-201 at Loc. 22. Half actual thickness. Heavy 
staples are winter clay. Dashes and staples in summer components mark subordinate clay laminae. 


GEOMORPHOLOGY AND LaTE GLACIAL History 
OF THE REGION; LAKE JOHNSTON 


General 


In its natural state, Steep Rock Lake stood 
at 1263 feet elevation. A wide surrounding 
region, including Lac des Mille Lacs, is below 
1500 feet. However, to the northeast, centering 
halfway between Steep Rock and Nipigon lakes, 
there is a large area which rises above this 
altitude (Fig. 1). The topography of the region 
is rugged (Moore, 1939, p. 3-6). Steep Rock 
Lake is located in a basin mostly surrounded 
by hills and precipitous cliffs (Pl. 1, Fig. 1). 
The relief is some 450 feet, for the lake was 280 
feet deep in the northern part of Falls Bay. 
The M-shaped basin was largely excavated by 
the Pleistocene ice sheets. 

The glacial striae in the region, some of 


which are shown. in Figure 3, strike from due 
south to S. 15°W., mostly S. 12°-15°W. (Moore, 
1939, p. 19, map 48a; Tanton, 1941). Just 
south and 2.5 miles west of Atikokan, a younger 
set, running S. 40°W., crosses striae of the 
general direction. The glacial drift cover is 
relatively thin and incomplete, and rock out- 
crops are abundant (Moore, 1939, p. 19; 
Bartley, 1939, map 48b). 

Steep Rock Lake is part of the main Seine 
River, whose water flows via Rainy Lake, Lake 
of the Woods, and Lake Winnipeg to Hudson 
Bay, and is located at the west end of a drainage 
area some 70 miles long and in the eastern 
part up to 40 miles wide. The drainage system 
of the entire country northwest of Lake Superior 
is extraordinarily intricate, a dense net-work of 
twisting streams and innumerable large and 
small lakes with uncountable bays, peninsulas, 
and islands. The drop from Lac des Mille Lacs 
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at 1496 feet to the natural Moose Lake at 
1308 feet (before this was raised 55 feet to form 
Marmion Lake or Reservoir at 1363 feet) was 
190 feet; from Moose Lake over the Big Fall 
into Steep Rock Lake was 45 feet. Finlayson 
Lake, originally at 1398 feet, drained into 
Moose Lake. The western drainage divide of 
this area runs from the Tracy Rapids, 4 miles 
west of Atikokan, almost due north and then 
parallels the northwest side of Finlayson Lake 
(Figs. 2, 3). 

The modern shore line of Steep Rock Lake 
at 1263 feet, on steep slopes developed as a 
prominent rock bench (Pl. 1, fig. 1), was de- 
termined by the bedrock ledge in the Tracy 
Rapids. A channel blasted through the rapids 
some time after 1925 had little effect on the 
mean lake level. The strikingly developed shore 
line apparently records the level of the lake 
ever since the glacial ice left the region. 

Dr. T. L. Tanton, of the Geological Survey 
of Canada, who has done considerable geo- 
logical mapping in the region, informs me that 
he found abandoned shore lines east of Falls 
Bay and east of Camp Bay, which lies near the 
north end of the Middle Arm, or 1 mile due 
east of Steep Rock Lake Post Office. These old 
shore lines stand approximately at 1363 feet, 
or 100 feet above natural Steep Rock Lake. In 
the next lower 80 feet, no beaches were ob- 
served, but about at 1283 feet, or 20 feet above 
the modern lake, Tanton found shore deposits 
on the East Arm, the southern part of the West 
Arm, and at a few other places. Just south of 
the south-central part of the lake, varved clays 
occur up to 1283 feet. 

The glacial lake may have stood mostly at 
the highest shore line. The coarseness of the 
sedimentary series IV, the subordinate lamina- 
tion, and the stirring of clay laminae could be 
partly explained by a lowering of the lake level, 
but the lowering would, illogically, be associated 
with an ice advance. Conversely, a rise of the 
lake level which might seem indicated by the 
stiff clay of series VII would be connected with 
a position of the ice border well behind the 
watershed. Also, the transition from series VII 
to VIII is comparable to that from series IIT 
to IV. Finally, the considered lake rise at the 
beginning of stage VII would have been ex- 
cessively rapid. Therefore no fluctuations of 
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the glacial lake from the 1363-foot level are 
assumed. However, the observed beds occur at 
partly different elevations and were deposited 
at different water depth, and there was shoali 
as the sediments accumulated (Fig. 10). 

The ancient lake at 1363 feet was connected 
by a strait with the Marmion basin, which in 
its southwest part was water-filled to exactly 
the same level as it is since Marmion Lake was 
raised several years ago; other parts were 
perhaps inundated somewhat more because of 
tilt. The late glacial Finlayson Lake stood 
higher, for its modern natural altitude was 1398 
feet. The glacial lake also extended across the 
drainage divide and over the region west of 
Steep Rock Lake, but it did not include Eye 
Lake, for this stands at 1398 feet. A branch 
reached up the Atikokan Valley perhaps for 
some 12-15 miles, but the extent of the lake 
cannot be judged because the altitudes are not 
known. 

A lake in the Steep Rock basin much above 
1263 feet required a special barrier, for the tilt 
from the Tracy Rapids cannot have been large 
in the short distance involved, and the land 
drops gradually westward, Rainy Lake standing 
at 1108 feet and Lake of the Woods at 1060 
feet. The barrier must have been of ice. The 
site could have been near by or remote making 
the glacial lake an independent water body ora 
part of the huge Lake Agassiz which covered 
most of southern and central Manitoba and 
large contiguous areas (Upham, 1895, p. 10). 
Location of the barrier in the vicinity to the 
west is suggested by the persistence of ice in 
that region for more than 1250 years, as shown 
by the clays. This ice may be called the Turtle 
ice lobe for the main stream of that region. 
Still, during its long life, the glacial lake over 
the Steep Rock basin and the surrounding 
region was perhaps at one or more times 4 
branch of Lake Agassiz. However this may be, 
the water body is here named Lake Johnston 
for the late William A. Johnston, outstanding 
student of the Pleistocene geology of Canada. 

Lake Johnston terminated by lowering to 
below the divide to the west, judging from the 
abrupt stoppage of the mud supply. Lake 
Johnston can have both antedated the Herman 
stages of Lake Agassiz and been contempo- 
raneous with some of them. Johnston suggested 
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in 1946 that it may represent the latest Herman 
stages. The Herman stages were the first main 
stages during the first discharge of Lake Agassiz 
southward through the Minnesota River. In 
Johnston’s (1946, p. 11, 17, Fig. 2) opinion, the 
late Herman beaches were probably formed at 
the same time as the Woodridge moraine south- 
east of Winnipeg, and the next lower Norcross 
beaches simultaneously with the Hartman 
moraine, which lies a few miles north of Wabi- 
goon and Dinorwic lakes and extends southeast 
to and beyond Ignace (Rittenhouse, 1933, p. 3; 
1934, p. 111; Satterly, 1943, p. 44; Johnston, 
1946, p. 11). Lake Johnston was also con- 
temporaneous with early stages of glacial Lake 
Algonquin in the upper Great Lakes. It may 
therefore have existed during the middle third 
of the Mankato-Valders ice retreat from Des 
Moines and the Port Huron morainic system 
to, or just beyond, the Le Pas-Sioux Lookout- 
Petawawa-Pembroke-Kazubazua moraines and 
wash plains (Johnston, 1935, p. 16; Antevs, 
1928, p. 138, 141). 

Since all the glacial clays in Steep Rock 
Lake were deposited while the Turtle ice lobe 
stood just to the west, and those in the Wabi- 
goon Valley first after the ice lobe had with- 
drawn to and beyond that region, these latter 
clays, which according to Rittenhouse (1933) 
represent over 1250 years, must be younger. 
Some time after the formation of the Wabigoon 
clays, Lake Agassiz drained eastward to the 
Superior basin, terminating its Tintah stage 
(Johnston, 1946, p. 3; Fig. 2). Thereupon the 
ice readvanced, probably to form the Le Pas- 
Sioux Lookout moraines and their mentioned 
eastern correlatives, closed the eastern outlet, 
and raised Lake Agassiz so that, as the Camp- 
bell stage, it drained southward for the second 
time (Johnston, 1916; 1946, p. 3, 11, 17). 

The Steep Rock basin was consequently 
teleased from the ice at an early date, and so 
was the region to its northeast, for, except 
during the early part of lake stage II and 
during the brief stages VI and VII, little 
glacial mud reached the basin via Marmion 
Lake. Also the country between Fort William 
and Lac des Mille Lacs was released early, for 
it has lacustrine clays at very high altitudes 
(up to 1585 feet), clays which must have 
formed in an early ice lake (Johnston, 1946, 
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p. 18). Apparently the thinning Patricia ice 
sheet was unable to send adequate supplies 
across the relatively high country between 
Ignace and the Nipigon Valley (Fig. 1). 

This early ice waning in Ontario is in accord 
with the early recession of the Patricia ice in 
the Great Lakes states (Leverett, 1929, p. 19, 
20; 1932, p. 3, 4, 8; Sardeson, 1935, p. 23). 
The Patricia glacier, Sardeson argues, failed to 
receive an adequate snow supply, was starved 
out, and as a consequence withdrew prema- 
turely, while the Superior ice lobe and the 
Keewatin ice sheet crowded it and advanced in 
front of it from the east and west. 

In contrast, the Turtle ice lobe persisted for 
a very long time to the west of the Steep Rock 
basin. This ice was part of the Patricia ice 
sheet, for the Keewatin ice, which left a 
calcareous gray drift, had its eastern boundary 
on the Winnipeg and Whitemouth rivers, in the 
southwestern part of Lake of the Woods, and 
at Fort Frances (Johnston, 1915, map; 1935, 
p. 14, 17, 18; Leverett, 1932, p. 64). Therefore, 
while restrained by the highland east of Ignace, 
the Patricia ice sheet was able to push sufficient 
supplies over the lower land west of the longi- 
tude of Ignace. It was perhaps during this 
age that the westerly bearing striae just north- 
west of Winnipeg were engraved by read- 
vancing Patricia ice over land which had been 
recently vacated by Keewatin ice (Johnston, 
1935, p. 14, 18). And if Thwaites (1946, p. 87) 
is correct in attributing the Valders ice in 
northeastern Wisconsin to a Patricia source, 
there was also a large outflow of Patricia ice 
through the Nipigon lowland. Against this 
view, however, stands the opinion of Leverett 
(1929, p. 1) and Sardeson (1935, p. 19) that 
the Superior ice lobe of Valders age was an 
offshoot of the Labrador ice sheet. 

Additional details of the late glacial history 
will be treated under the stages of Lake 
Johnston corresponding to, and numbered as, 
the varve series. 


Lake Stage I 


During this lake stage, varve series I was 
deposited at locality 1, the only known site, 
10-15 feet above the natural shore of Steep 
Rock Lake (Fig. 5; Table 1). The series is 
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composed of about 125 varves, deposited in 
shallow water, judging from their thin winter 
clays. An overlying bed of bouldery till, 7 feet 
thick, records a subsequent overriding by the 
ice. The ice readvance may have proceeded to 
the region just south of the middle part of 
Steep Rock Lake, where there is a broad 
morainic belt with knolls and ridges of gravel 
and till (Bartley and Legget, 1946; 1947). 
Exposures in gravel pits in this deposit, which 
may be named the Steep Rock moraine, show 
cross-bedded gravel as much as 125 feet thick. 
In one cut the crest and the north slope of a 
60 feet high gravel ridge are overlapped by a 
wedge of bouldery till, in turn overlaid by 
glacial gravel and sand. 


Lake Stages II and III 


After an unknown length of time, the ice 
border withdrew from the Steep Rock moraine. 
Five miles to the north, however, it again 
halted and deposited another moraine which 
formed the southern bank of Finlayson Lake. 
This deposit, named the Finlayson moraine, is 
a prominent ridge traceable in an east-south- 
easterly direction for over 10 miles (Tanton, 
1944; Bartley and Legget, 1946; 1947). The cut 
formed at the lowering of Finlayson Lake in 
1943 exposes a cross-section of the moraine 
which is 100 feet high and 300 feet wide. It 
shows the ridge to consist mainly of gravel 
and sand with a veneer of bouldery till, 1-20 
feet thick. 

In the meantime clay bed II was accumu- 
lating on the floor of Lake Johnston (Fig. 6; 
sample 1, Pl. 2; Table 2). The varves show no 
abrupt changes but a gradual upward decrease 
in thickness and increase in the proportion of 
the winter clay. The first 150 varves are silty, 
and varves 300-570 are clayey to stiff. Possibly 
the ice resumed north-northeastward retreat 
from the Finlayson moraine somewhat after 
the deposition of varve 150. Then, as the ice 
border withdrew behind a growing number of 
submerged barriers and islands, increasing pro- 
portions of the silt were trapped and dropped, 
so that the mud which reached Lake Johnston 
consisted mostly of clay. 

However, unexpectedly the deposition was 


heavier throughout the varve series at locality 
3, the farthest northwest, than at any other 
examined site, and it decreased from there 
southeastward through localities 7 and 6 to 
number 2 (Fig. 5). Consequently, the ice border 
withdrew fastest towards the northeast, and 
there was during all the 570 years a large 
discharge of glacial mud into the northern part 
of the Middle Arm or of the West Arm. After 
the formation of the Finlayson moraine, the 
mud cannot have derived from the Finlayson 
basin but must have come from across the 
present water shed 1-1.5 miles west of Steep 
Rock Lake (Fig. 3). There must have been an 
ice lobe not far beyond that divide. 

Lake stage III was initiated by a drainage 
which occurred closer to locality 6 than to 
localities 2 and 9 and may have taken place 
into the West Arm basin (Fig. 7; sample 2, 
Pl. 2; Table 3). Probably, a lake, perhaps in the 
Eye basin, overflowed and cut down an earth 
dam. Persistently less deposition at locality 9 
than at locality 6 indicates that the ice border 
was farther way in the northeast than in the 
northwest. Except for the drainage, this lake 
stage, which lasted 131 years, was a continua- 
tion and identical with stage II. 

Judging from the excellent varvity and fine 
texture of most of series II and III, they were 
deposited in relatively deep water. Therefore 
the lake surface probably stood at 1363 feet, 
the highest leve] at which Tanton found shore 
lines. 


Lake Stages IV and V 


Lake stage IV was introduced by an enor- 
mous increase in the mud influx in the north- 
west (samples 3-9, Pl. 3). No mud inflow from 
the northeast is discernible. The deposit of the 
stage consists mainly of silt, while that of 
stage III is largely clay, and the lamination is 
different, composite and varying. The increase 
in quantity and coarseness of the mud suggests 
advance of the Turtle ice lobe to and across 
the modern watershed a mile west of the West 
Arm. 

Lake stage V differed from number IV by 
still larger mud inflow, probably caused by 
advance across the divide of another sector of 
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the Turtle ice lobe (samples 10-24, Pls. 4, 5). 
It terminated after 60 years with the with- 
drawal behind the watershed of the glacier 
sectors which drained into the West and Middle 
Arms. 


Lake Stage VI 


During this lake stage, which lasted some 51 
years, the mud was mainly supplied via Falls 
Bay, but some probably came from the ice due 
west (samples 25-30, Pl. 6). Judging from the 
sediments the source was several but not many 
miles distant. Since in all probability the ice 
border was far distant in the northeast, the 
Turtle glacier perhaps advanced from the west 
to the Finlayson basin, so that the glacial mud 
came from there via the Marmion basin. The 
stage ended with withdrawal of the ice. 


Lake Stage VII 


In Stage VII, during which about 27 varves 
of extremely stiff clay were deposited, the basin 
seems to have received about equal amounts of 
mud through the West Arm and Falls Bay 
(Fig. 8; sample 30, Pl. 6). All the mud probably 
came from the Turtle ice lobe, which must have 
been located beyond divides that retained prac- 
tically all the coarse fractions. The stage was 
terminated by readvance of the ice in the west. 


Lake Stage VIIT 


This stage was introduced by expansion of 
the Turtle glacier into the West Arm basin and 
discharge of large volumes of mud (Figs. 8, 9; 
Table 4; samples 31-33, Pl. 2). After some 200 
years it ended abruptly, and with it Lake 
Johnston, for the last varve, 27 cm. thick, is 
overlaid by faintly laminated clayey silt about 
12 feet below the historic level of Steep Rock 
Lake. Clearly the mud supply failed. The 
cause could have been a sudden drop of the 
lake to below the divide in the west, but 
hardly a mere withdrawal of the glacier behind 
the divide, for then some fine clay would still 
have been brought into the basin, as it was 
during stage VII. The lake must have lowered. 
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Review of Temperature Conditions in 
Alpine Lakes 


The temperature conditions of alpine lakes 
are not well known, but there are data from 
the Rocky Mountains of Canada in the lati- 
tudes 51°-52.5°, the Jutunheimen Mountains 
in Norway (60.5°-61.5°), and other regions 
(Table 8). 

There is a glacier extending into Flakevatn. 
The mean air temperature in July and August 
is about 4°C., or somewhat lower than that at 
Green Harbour, Spitsbergen. The low tempera- 
ture of Finsevatn is caused by a strong through- 
going current of glacial water. Also Gjende is 
cooled by glacial waters and is in summer 
opaquely gray from a heavy suspension of 
glacial mud (Strgm, 1943, p. 206). It would 
otherwise have a weak thermocline. A thermo- 
cline is a layer of rapid downward temperature 
drop below the relatively warm surface layer; a 
true thermocline—and true temperature strati- 
fication of the water—requires a temperature 
change of at least 1°C. per meter of depth. 
Bessvatn, the second highest of mentioned 
Norwegian lakes here, had on August 8, 1934 a 
weak thermocline at a depth of about 15 m. 
(49 feet). The lake is very little influenced by 
glacial waters, its temperature being controlled 
by meteorological factors. The mean air tem- 
perature in July and August is about 8°C. 
(46.4°F.). 

In summer, these several alpine lakes all 
warmed at the surface to or above the tem- 
perature of greatest density, 39.2°F. (4°C.). The 
water was isothermal (had uniform temperature 
from top to bottom) or directly semistratified, 
and in Bessvatn a weak thermocline developed. 
In August, the surface water of Flakevatn and 
Bessvatn was warmer than the air. The cooling 
effect of glacial waters was very apparent. Lake 
Louise was in the surface 7°F. cooler at the 
delta than at the lower end, 1.25 miles distant. 
The relatively low surface temperature of 
Gjende and relatively high temperature of 
Bessvatn were caused by large and small 
amounts of glacial waters, respectively. Large 
inflows of glacial waters tend to cause low 
surface temperatures and only semistratifica- 
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TABLE 8.—TEMPERATURE CONDITIONS OF ALPINE LAKES 


Temperature at 


Locality Altitude Date Surface temperature stated depth Remarks Source 

Lake Louise, 5670 ft.| June 37°F. (2.8°C.) | 39°F. (3.9°C.) | Located 1 | Johnston 
Alberta 1921 at delta at 6 ft. mi. below (1922, p 

44°F. (6.7°C.) glacier 378) 
1.25 m. be- 
low delta 

Lake Cavell, 5610 ft.| July 19, | 39°F. (3.9°C.) 39°F. (3.9°C.) Located 4} | Kindle (1929, 
Alberta 1927 mi. below p. 155) 

glacier 

Bow Lake, 6530 ft.| Aug. 12, | 11°C. (51.8°F.) | 7.4°C. (45.3°F.) | Below Rawson (1942, 
Alberta 1936 at bottom or glacier p. 143, 148, 

130 ft. 149) 

Maligne Lake, 5455 ft.| Aug. 11,] 13.3°C. 4.1°C. (39.4°F.) | Glaciers Rawson (1942, 

Alberta 1940 (55.9°F.) at bottom or p. 146-49) 
300 ft. 

Summit Lake, | 14,740 ft.) Aug. 4, | 13°C. (55.4°F.) | 9.8°C. (49.6°F.)| Located be- | Pennak (194, 

Colorado 1940 at bottom or low Mt. p. 391) 
42 ft. Evans 

Flakevatn, 1448 m.| Aug. 24, | 7°C. (44.6°F.) | 5.7°C. (42.3°F.) Strdm (1938, 
Jotunhei- (4749 ft.) 1933 at 20-70 m. p. 84-86) 
men, Nor- (66-230 ft.) 
way 

Finsevatn, 1214 m.| Aug. 22, | 9°C. (48°F.) 8°C. (46.4°F.) | Shallow Strdm (1938, 
Jotunhei- (3983 ft.) 1933 at 20 m. (66 p. 86, 87) 
men ft.) 

Aug. 28, | 10°C. (50°F.) in 
1933 topmost 5 m. 
(16.4 ft.) 
Gjende, Jo- 984 m.| Aug. 20, | 7.5°C. (45.5°F.) | 4.4°C. (40°F.) Strdm (1938, 
i (3228 ft.) 1934 at 90 m. (295 p. 87-89; 
ft.) 1943, p. 206) 
Bessvatn, Jo- 1374 m.| Aug. 8, | 10°C. (50°F.) 5°%-4°C. Strém (1938, 
tunheimen | (4508 ft.) 1934 39.2°F.) at 25- p. 87-89) 
90 m. (82-295 
ft.) 
Sept. 1, | 7.5°C. (45.5°F.) | 4.5°C. (40°F.) 
1934 in topmost 20 at 90 m. (295 
m. (66 ft.) ft.) 

Tennesvatn, 230 m.| Aug. 7, | 6.7°C. (44°F.) | 5°-4°C. (41°- | Small Strédm (1938, 
Moskenes- (755 ft.) 1935 39.2°F.) at 15-| shaded p. 90-91) 
dy, Lofoten 150 m. (49-492) cirque 

ft.) lake 
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tion even in lakes near sea level (Strém, 1938, 
p. 89, 92). Cooling by cold air during cold-spells 
was also noticeable in the Norwegian lakes 
(Strgm, 1938, p. 86). Such coolings of the 
surface waters by occasional large influxes of 
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of Steep Rock Lake of December 1942, and a 
topographic map of the open pit of the “B” 
ore body as of December 31, 1945. 

The altitudinal range of the measured varve 
series are: series I, 1273-78 feet; II, 1090-1240; 


1363 Lake Johnston 
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FicurE ALTITUDE OF MEASURED SECTIONS AND Cray Series I-VIII 
At right, water depth assuming that the glacial lake stood at the 1363-foot level 


glacial waters and by chilly periods during the 
summer caused repeated states of full or essen- 
tial isothermy (uniformity of temperature from 
top to bottom), which was often established 
well above the temperature of greatest density 
(Strém, 1938, p. 86, 87, 91). 


Lake Johnston 


Depth.—If Lake Johnston most of the time 
stood at the 1363-foot shore, the water depth 
at which the glacial clays were deposited can 
be roughly determined,, for the approximate 
altitudes of the clay sites are known and are 
in feet as follows: 


Loc. Alt, Loc. Alt, 
1: 1275 13: 1100 
a 1115-60 14: 1120 
3: 1090-1130 as: 1125 
4: 1220 16: 1135 
S: 1230-40 1175 
6: 1090-1120 18: 1190 
1120 19: 1190 
8: 1100 20: 1190 
9: 1180-1200 Zi: 1240 
10: 1180 22: 1230-50 
11: 1180 a3: 1240 
12: 1100-15 24: 1240-50 


These elevations have been obtained with 
the help of two maps prepared by Steep Rock 
Iron Mines, Ltd. namely a bathymetrical map 


III, 1100-1200; IV, 1150-1200; V, 1100-15; 
VI, 1115-40; VII, 1115-75; and VIII, 1120- 
1250 feet. 

Figure 10 shows that most of the clays 
formed at depths of 125-275 feet. 

Thermal conditions—The temperatures and 
stratifications of the water of Lake Johnston 
can be surmised from the studies of modern 
lakes, especially those just reviewed and those 
made by Welch (1935) and Harald Johnsson 
(1946). 

In winter the water temperature was at the 
freezing point just under the ice and increased 
downward, at first rather rapidly, then very 
slowly to attain at most 39.2° (4°C.), or maxi- 
mum density, at the bottom. The water thus 
had inverse thermal stratification or, strictly, 
inverse semistratification since true thermal 
stratification requires by definition a thermo- 
cline with a vertical change of 1°C. or more per 
meter. Under the ice the conditions remained 
practically stable, there being a distinct winter 
stagnation period (Welch, 1935. p. 55; Johnsson, 
1946, p. 27-34, 62-73, 150). 

After the spring break-up of the ice a thin 
surface layer of the cold water was warmed by 
the sun, and since it at the same time grew 
heavier, it sank to lower strata, inducing circu- 
lation. Furthermore, since the density differ- 
ences of water are very small at these tempera- 
tures, the water was easily stirred by the wind 
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which set in motion circulating currents and 
turbulent flow. 


In temperate lakes, these three movements 


of the water equalize the water temperature 
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was more effective than the solar heating, and, 
as a consequence, the changes in air and water 
temperatures were here generally reversed. The 
lake zone of 39°F. surface temperature or 


Ficure 11.—ProspaBLE WATER TEMPERATURE STRATIFICATION, AND CIRCULATION IN LAKE JOHNSTON 

Profile northwest-southeast across West Arm (W.A.) and Middle Arm (M.A.). Lengths of profiles about 
5 and 7 miles. Dashes S.R.L. mark historic level of Steep Rock Lake. Figure a shows inverse stratification 
and turbidity current (T.C.) in West Arm, isothermy in Middle Arm. Figure 6 shows underflow stopped 


by rising 


at 39°F. from top to bottom in from a few 
days to a few weeks after the break-up of the 
ice (Welch, 1935, p. 45, 46; Johnsson, 1946, 
p. 28); the conditions were partly different 
in glacial lakes. In ice lakes the temperature 
of the greatest density was probably never 
attained mear the ice because of contact with 
ice sheet and ice bergs and because of outpour- 
ings of ice-cold melt-water which increased 
as the sun and air grew warmer, and part of 
which as relatively light mixed with the lake 
water or rose to float on the lake surface. How- 
ever, judging from the temperatures of alpine 
lakes, the critical temperature was attained 
slowly at some distance from the ice, while 
still farther away the surface water thereupon 
was warmed above 39°F. Large glacial lakes 
may thus at the height of the summer have had 
three zones, namely a proximal belt with in- 
verse thermal semistratification, an intermedi- 
ate zone with vertical isothermy at about 39°F., 
and a distal belt with direct semistratification 
(Fig. 11). Near the ice, the melt-water cooling 


floor, isothermy in West Arm, and direct stratification in Middle Arm. 


isothermy must have moved with the season, 
towards the ice during the spring warming, 
then, as the influx of cold melt-water increased, 
away from the ice; and it must have shifted 
with short-term changes of the weather and 
the inflow of glacial water. Generally, large 
volumes of ice-cold melt-water tended to lower 
the lake temperature, to widen the zones of 
inverse stratification and of isothermy. Possibly 
the distance from the ice in mid-summer of 
the movable isothermal zone was a few to 
several miles. In the distal lake zone with 
direct semistratification the surface tempera- 
ture rose at times and places perhaps as high 
as 50°F. (10°C.). Only in this zone may the 
water temperature during the latter part of 
the summer have risen above the air tempera- 
ture. The glacial lakes therefore cannot have 
been polar lakes with permanent inverse semi- 
stratification, as I earlier believed (1925, p. 
39, 41). 

Fluctuations in the temperature of the sut- 
face water should be further discussed. In 
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most lakes there are daily temperature varia- 
tions between a mininum at sunrise and a maxi- 
mum in the afternoon which are largest on 
bright days at midsummer, when they may 
rach a few degrees Fahrenheit (Johnsson, 
1946, p. 84-93, 151). If the outpourings of ice- 
cold melt-water was constant through day and 
night, also glacial lakes may have shown small 
daily fluctuations, but if the inflow rose and 
fll with the 24-hour air temperature cycle, 
they probably did not. 

Non-glacial lakes have short-periodic (per- 
haps 4-7 days) fluctuations of the surface 
temperature, which are largest in spring and 
early summer, when the heating effects only a 
thin surface layer which is quickly cooled 
again, frequently by cold waves (Johnsson, 
1946, p. 77, 78, 84, 151; Strgm, 1938, p. 86). 
Glacial lakes also have short-term temperature 
variations, though the direct and indirect ef- 
fects of changes in the air temperature count- 
eact each other because warm air increased, 
cold air decreased the inflow of cold melt- 
water. 

Circulation.—After the equalization of the 
water temperature at 39°F. upon the vernal 
break-up of the ice the circulation in temperate 
lakes normally extends from surface to bottom, 
and dissolved and suspended substances are 
uniformly dispersed throughout the water body 
(Welch, 1935, p. 38, 46, 55, 84, 118, 124). This 
mobile state, during which even light winds 
cause complete circulation and stirring of the 
bottom sediments, may last for several weeks. 
However, small sheltered and/or deep temper- 
ate lakes usually have no complete spring or 
autumn overturns, but strong winds merely 
extend the circulation to greater depth without 
reaching the deep portions in which the water 
remains stagnant (Welch, 1935, p. 125). This 
held also for most of the age of Lake Johnston. 
However, during lake stage VI, during an 
early part of stage II, and during the late 
halves of stages IV and VIII, stirring of the 
just-deposited clay laminae was a normal oc- 
currence in spring and summer (samples 1, 
5-7, 25-33, Pls. 2, 3, 6). If, as seems probable, 
the lake stood at the 1363-foot shore line, these 
series were deposited on the following water 
depths: Late series VIII, 130-110 feet; late 
IV, 185-160 feet; and early II and series VI, 
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250-220 feet (Fig. 10). The range in depth was 
consequently 110 to 250 feet. The complete 
circulation can have been enabled by an un- 
usually wide isothermal zone and strong winds. 

In glacial lakes, as stated, the isothermal 
state was reached at a distance from the ice 
border and persisted through the summer or 
changed in distal parts into direct semistrati- 
fication (Fig. 11). Since, however, expectable 
evidence of erosion of glacial clays is extremely 
rare (Antevs, 1925, p. 40), it appears that deep 
glacial lakes normally had incomplete circula- 
tion even in the isothermal zone and that the 
glacial clays settled permanently only in those 
parts of the lakes which were so deep or so 
sheltered as to be uneffected by the water 
circulation. 

In the distal parts of large glacial lakes, the 
surface water was warmed above 39°F., and 
since the water now became lighter as it grew 
warmer, the stratification became progressively 
more stable as the surface temperature rose 
(Fig. 11). Only semistratification developed in 
the glacial lakes, but it tended to hinder and 
reduce the circulation of the water. In some 
temperate lakes, complete circulation ceases 
when the surface temperature has attained 
41°-43°F. (Johnsson, 1946, p. 85, 96). Tem- 
porary coolings of the surface water promote 
instability, especially on the border of the 
isothermal zone. 

In the autumn, the surface water was cooled, 
the distal parts of the glacial lakes grew iso- 
thermal, and the circulation was facilitated. 
As the cooling continued below 39°F., the 
water became semistratified with the coldest 
water at the top. After an ice cover had formed, 
the water were still. 


The Glacial Mud 


Transportation—The glacial mud which 
formed the clays in Lake Johnston was supplied 
by glacial streams, which flowed in tunnels at 
the base of the ice, in open canals, and on the 
ice surface. The tunnel streams flowed with 
great velocity under hydrostatic pressure and 
transported masses of debris ranging up to 
boulders in size. Boulders, cobbles, and gravel 
were dropped as the pressure diminished in the 
tunnel and at its mouth. When the stream 
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discharged directly into the lake, part of it 
probably continued along the lake bottom as 
combination stream and turbidity current, 
impelled by the impetus of the glacial stream 
and the relatively high density of the muddy 
water (De Geer, 1912, p. 250; 1940, p. 105; 
Kuenen, 1951).1 When the stream mouth was 


ae Gerard De Geer observed in Spits- 
bergen that the muddy glacial streams rise to the 
surface of the saline or strongly brackish water; 
in southwestern Sweden, that glacial clays with 
marine fossils are massive; and, at Stockholm, that 
coarse sand and current bedding occur in varved 
glacial clays “some hundreds of meters” from the 
mouth of the glacial stream (De Geer, 1912, p. 
250; 1940, - 105). From these observations & 
concluded t massive glacial clay formed when 
the fine mud was spread at and deposited from the 
water surface, varved glacial clay when the mud 
was rted along the bottom. As the motive 
power of the bottom current he originally suggested 
the hydrostatic pressure under which the stream 
left the ice tunnel, in 1940 he mentioned “general 
currents” and “reaction current along the bottom” 
(De Geer, 1932, p. 25; 1940, p. 74, 77). 

Of course, exclusive spread of the mud along 
the bottom would not explain the vertical sorting 
in a varve, the suspension of the colloidal clay 
until winter, or the very long transportation of clay 
and silt that took place in true glacial lakes. 

On the suggestion of Nils Hérner, Kuenen (1951) 
has taken up the idea of underflow as an important 
factor in the formation of the varved glacial clays. 
He suggests that the proximal and intermediate 

of the summer component of a varve were 
deposited from a turbidity current following the 
lake bottom, the ultra-distal summer lamina and 
the winter lamina from mud carried along the sur- 
face or mixed with the lake water (p. 77, 82, 83). 

In the Stockholm region, which then was sub- 
merged about 400 feet, spread of glacial mud along 
the bottom is obvious, as De Geer pointed out. 
Current ridges + sand extend up to about 
500 m. from the esker and grade into sandy proxi- 
mal portions of varves (De Geer, 1940, p. 52, 70; 
Pls. 14, 57). Varve 1028 is more than 50 cm. thick 
at the end of the current ridge and decreases to 10 
cm. in 1.7-3 km. in the direction of the main mud 
spread (Pl. 57; also Kuenen, 1951, Fig. 1). Other 
varves show similar rate of decrease (p. 75). Large 

rtation was short. 

Year 1028 the underflow must soon have left the 
bottom, for the varve is thickest along a line running 
from the current ridge about 20 m. above modern 
sea level, across a bay, 1 km. distant, now 30 m. 
deep, and then across land some 15 m. high, which 
would have entailed a climb of about 45 m. (150 
feet), if the current had followed the bottom (PI. 
57; also Kuenen, 1951, Fig. 1). 

These data from De Geer that 

t its carrying er at a rapid rate and quickly 
it welt by dribbling its load. This was to be 
expected, for the impetus of the glacial stream was 
soon used up, and the force resulting from relatively 
high density can hardly have been great because 
of unfavorable long-continued piecemeal supply 
of the mud. Thus, while turbidity currents in nature 
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in deep water, this underflow may have me 
mained distinct until it had lost enough load 
to have the same density as the muddy lake 
water, but in shallow water it was probably 
soon broken up by wind and circulation. Also, 
because of the high relief of the Steep Rock Lake 
region, the bottom current was soon stopped 
by submerged barriers, sank into deep basins 
to die, or continued a short way across and 
above basins as a current at intermediate levd 
(Fig. 11). Underflow probably transported the 
sand and silt in the proximal parts of the sum. 
mer components of the lower varves in series 
II and the sand in the drainage varve which 
begins series VIII (Fig. 8). 

Another part of the glacial stream, charged 
with clay and silt, probably diffused through 
the lake water and spread in its upper strata, 
as Johnston (1922, p. 381) observed it to do in 
Lake Louise. Dispersal of fine mud through a 
thick bed of water, though doubted by Kuenen 
(1951, p. 75; Fig. 2), is also suggested by the 
fact, that, outside the deepest troughs and 
the shallowest bays where underflow or wave 
erosion may have supplied material, the same 
varves are thicker where the water was deep 
than where it was shallow. For instance, at 
locality 68 on Lake Timiskaming, varves, 
formed when the ice border was 40 miles 
distant, are 2} times thicker than at near-by 
site 65 at 200 feet higher elevation (Antevs, 
1925, p. 29). Wind blowing from the ice main- 
tained a surface current. Under favorable con- 
ditions not only clay but considerable amounts 
of silt were transported long distances in the 
upper water strata, even when the glacial 
have been ascribed mainly to subaqueous slides 
(Kuenen and Migliorini, 1950, Pp. 124), and have 
been produced experimentally by sudden release 
of muddy water down a sloping water-filled trou; 
or ditch (p. 95, 99), the glacial mud was supplied 
throughout the summer. Kuenen’s (1951, p. 74 
75, 78, 81) view that the glacial mud was coarsest 
and its bulk largest in spring can hardly be right, 
for, according to observations by Georg 
and others in the Alps, glacial streams carry most 
mud as well as water during the warmest month, 
or July, and large amounts of both during the 
months with 50° F. or more mean temperature, 
the Alps June-September (see Schwarzbach, 1940, 
p. 574, 575, 577). 

Stream-and-turbidity currents therefore seem t 
have been an important factor only in the formation 
of the proximal parts of the summer lamina 
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streams discharged in low terrain. This is 
shown by localities 45, 59, and 65, located well 
above the central trough of glacial Lake Timis- 
kaming, when the ice border was 80, 75, and 
40 miles away (Antevs, 1925, p. 24, 27, 29, 
106). It seems therefore that, after the lake 
water in early summer had become charged 
with suspended and sinking fine mud, it may 
have been about as heavy as the melt-water 
after this had dropped its gravel and sand 
(cf. Kuenen, 1951, p. 74). 

Since silt carried at low and intermediate 
water levels settled first, proximal and near- 
proximal varves have thick and comparatively 
coarse summer components and relatively thin 
winter clays; generally speaking the summer 
component decreases, the winter layer increases 
in relative thickness with distance from the 
ice. Of fine clay only some, released shortly 
before the end of the melt-season, seems to 
have remained to settle near the ice. 

The mud transportation was dependent also 
on the thermal conditions of the lake. As a 
tule, the lake water was below 39°F. and in- 
versely semistratified near the ice, 39°F. or 
isothermal in an intermediate zone, and above 
39°F. at the surface and directly stratified at a 
distance (Fig. 11). In the zone next to the ice, 
much sand and coarse silt were transported a 
short distance at the bottom, and fine-textured 
mud was efficiently conveyed in intermediate 
and upper water strata, so that little clay 
settled as shown by the thin winter laminae. 

Normally the isothermal or intermediate belt 
seems to have had no appreciable special effect 
on the sedimentation in glacial lakes, for the 
varves are usually simple and change gradually 
from proximal through intermediate to distal, 
as will be discussed on a later page. Part of the 
mud settled, and some silt and much or most 
clay were carried farther in the upper lake 
strata to the distal zone of direct semistratifica- 
tion. This held for the isothermal zone when 
the clay series I, II (with some exceptions), 
III, VII, and lower half of series VIII were 
formed. However, during the deposition of the 
clay series IV, V, VI, a part of II, and the 
upper half of VIII the conditions were different, 
if, as probable, this zone was the main site of 
formation of the subordinate clay laminae and 
the site of stirring of just-formed deposits. 
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Then much mud, clay included, was during 
most years carried by deep-reaching circula- 
tion far down into the lake water from where 
it had a short distance to sink; and the circu- 
lation frequently extended to the bottom. 

In the distal lake zone with direct thermal 
semistratification, transportation of mud was 
probably restricted to the upper water strata 
(Fig. 11). Particles which sank out of reach of 
the upper circulation remained to settle, and 
much clay was here stored during the summer 
to form moderate to thick winter clay laminae. 

Competency, capacity, and load of the cur- 
rents varied with the amounts of water and 
mud released from the ice. As a consequence, 
thick varves have coarser texture than have 
thin ones at proximal and intermediate points. 
Some years much fine mud was carried through 
the lake judging from the coarse texture of 
varves and thin winter clays. The mud-bearing 
currents frequently shifted their courses, be- 
cause they were differently deflected by islands 
and submerged ridges, as the mouth of the 
glacial stream constantly moved. At times 
flow was restricted by a submerged barrier 
to the top strata of the lake. This trapped most 
or all silt and some clay in the proximal basin 
and thus greatly reduced the amount and 
materially changed the texture of the mud 
brought into the Steep Rock basin. 

Sorting and deposition.—The mud was sorted 
horizontally or areally by the gradual decrease 
in the velocity of the transporting currents 
and by the time factor, which together caused 
the largest and heaviest grains to sink first 
and permitted increasingly smaller and lighter 
particles to separate and settle. As a conse- 
quence, a varve, especially its summer com- 
ponent, decreased gradually in coarseness and 
thickness from the mouth of the glacial stream 
to the point where it petered out, and can be 
divided in three areal parts: proximal, inter- 
mediate, and distal. 

The first varves deposited after the with- 
drawl of the ice, i.e. close to the ice border, 
were seen at locality 1. Occurring high above 
the floor of the trough, they consist of silt 
and average 7.5 cm. thick. These varves were 
formed during the first ice retreat. No bottom 
varves from the final recession were observable, 
but varves desposited near the ice were seen 
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at localities 3 and 2. At locality 3, eight varves 
were measured below bouldery till, probably 
dumped from an ice berg, and below the varve 
series given in Table 2. These varves range from 
10 to 70 cm. thick, average 29 cm., and consist 
of red silt and about 5 mm. thick gray winter 
clay. The summer silt may have been supplied 
mainly by a turbidity current. 

In general, the proximal part of a varve 
consists of a thick summer layer of sand and 
silt and of a thin winter lamina of clay. The 
distal portion is thin and has thicker winter 
clay than summer component (sample 2, Pl. 
2, and top of sample 30, Pl. 6). The intermedi- 
ate part comprises the varves between the 
mentioned extremes. Sample 1 and varves 3-8 
and 10-13 in sample 4 are good examples 
(Pls. 2, 3). 

Generally proximal parts were formed in 
water with inverse, distal varves in water with 
direct stratification, and intermediate varves 
in water which was very weakly stratified, 
inversely or directly, to almost isothermal. 
The varves in sample 1 (varves 59-75 of series 
II) may have been formed in nearly isothermal 
water, for they show traces of secondary clay 
laminae and of stirring of the upper part of 
the winter clay and intermixing of silt during 
the spring. 

The horizontal sorting was influenced by 
changes in the course of the currents and by 
trapping of coarse fractions in proximal basins. 
The mud was sorted vertically to form lami- 
nae. This sorting was in part a result of seasonal 
and varying mud supply and of fluctuations 
and swings of the transporting currents. Ab- 
sence of appreciable mud influx and currents 
in winter permitted the deposition of the rela- 
tively pure winter clay. Temporary small in- 
flow and so weak an upper current that no 
silt was brought into the small Steep Rock 
basin permitted the formation of short-term 
laminae of coarse clay, if the height of fall 
was small because mud had been carried to 
great depth by the circulation, the lake there- 
upon was calm at depth, and the concentration 
of fine mud was heavy. Temporary heavy 
influxes and strong current brought silt which 
settled immediately. Resulting lamina couplets 
of silt-and-clay are present in series IV-VI 
and VIII. Variations in the strength of the mud- 
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bearing upper current produced another kind 
of subordinate lamination consisting of alter. 
nate laminae of coarse and fine silt, which js 
frequent in series V. 

The vertical sorting was mainly produced, 
however, by the different settling velocity of 
the particles according to their dimensions, 
shape, specific weight, and flocculation, and 
according to the density and viscosity of the 
water dependent on its temperature. In sum. 
mer, flocculation was insignificant, for it would 
have produced a mixture of silt and clay, a 
symminct structure, and these clays are not 
symminct (Sauramo, 1923, p. 82). 

The settling of clay is retarded much more 
by low water temperature than is the sinking 
of silt, and it isa very slow process (Fraser, 
1929, p. 53, 54, 58). The relative rate of fall 
of fine clay particles was found by Hazen 
(1904, p. 64) to be 70 at 32°F., 80 at 38°, 9 
at 44°, 100 at 50°, and 140 at 74°F. Muddy 
water from a glacial stream, kept in a glass 
tube at a temperature a few degrees above 
freezing, cleared only a small fraction of an 
inch per day (Kindle, 1930, p. 84). In water 
of 39°F. temperature an individual coarse clay 
particle (24) may sink about 90 m., one of 
1 about 22 m., during a year (Horner, 1948. 
p. 227, 228). 

Because of the very slow rate of settling of 
individual clay particles in glacial lakes, the 
vertical dispersal of the fine fractions of the 
mud in the lake water and the consequent 
height of settling was important. The fine mud 
probably diffused through the lake water and 
spread at its surface, as it does in Lake Louise 
(Johnston, 1922, p. 381). The depth of the 
general dispersal must have varied with place 
and conditions, but it can be somewhat judged, 
because the dispersing agents, currents, waves, 
and turbulence, also prevent permanent deposi- 
tion of the fine sediments on the bottom within 
their reach. The depth was probably rather 
great, for the clays occur mainly in the deep 
basins and were not observed higher than within 
80 feet of the highest level of Lake Johnston 
(Fig. 10). Also, the same varves have some- 
what coarser textures in relatively shallow 
than in deep water (localities 4, 5 vs. 3, 4). 
This normal dispersal of the fine mud left too 
great a height of settling to enable any 
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appreciable quantity of unflocculated clay frac- 
tions to sink to the bottom below the reach of 
the circulation during the short melt-season, as 
evident from the fact that most of the laminated 
sediments in the basin consist of simple varves 
with distinct simple silt and clay laminae, 
with good vertical assortment of the material 
after size, diatactic structure (Sauramo, 1923, 
p. 78). 

However, if large amounts of fine mud were 
dispersed by deep-reaching circulation to great 
depths, to near the level where clay, if de- 
posited, could remain, some clay may have 
settled without strong flocculation during the 
summer.2 The subordinate but distinct clay 
laminae in the summer deposits of the com- 
posite varves of series IV-VI and VIII show 
that it did so during some ages. 

Naturally, composite varves are relatively 
thick. If the circulation approached or reached 
the lake floor only a few times a melt-season, 
so that only a few secondary clay laminae 
formed, enough clay remained in suspension to 
make a moderately thick winter layer (samples 
4,5, 25, 30, 31, Pls. 2, 3, 6). If many clay lami- 
nae were produced in the summer, little or no 
clay remained for a winter deposit (samples 
7, 8, 15-18, 32, Pl.s 2-5). 

Therefore, simple varves may have been 
formed in lake zones with thick lower compart- 
ments of still water, in the thermally semistrati- 
fied belts; composite varves may have formed 
in the isothermal zone with a thin calm bot- 
tom compartment. 

Different rates of settling, caused perhaps 
mainly by different specific weights, has in some 


* Because the thermal stratification of the lake 
water was at best very weak, it may have had little 
retarding effect on the settling, and Kindle’s 
(1927, p. 12-14; see also Brinkmannn, 1932, p. 191; 
Welch, 1935, p. 84) and Gessner’s (1948) o a- 
tions scarcely apply, though they may help to 
explain lamination and varvity in sediments of 
sharply stratified, that is in warmer lakes. Kindle 
found that lake bottom ooze, added to a jar of 
water of uniform temperature, quickly diffused 
through the entire jar and mostly settled within an 
hour; whereas the same kind of ooze, added to 
another jar with thermal stratification, spread 
through the warm surface layer = soemee with a 
base sharply defined by the thermocline, and, 
except for small columns extending downward, as an 

ue cloud still remained above the thermocline 
ter an hour. Gessner observed that phytoplank- 
ton does not readily sink through the thermocline. 
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.cases produced double summer and winter 


clays. Thus, some summer clays in samples 7-9 
of series IV contain a lower gray and an upper 
rust-colored lamina, and a few winter deposits 
in series II and V consist of a lower gray and an 
upper brown clay lamina. 

Variable quantity and texture—Except for 
mud obtained through occasional erosion by 
drainage streams and by waves and bottom 
currents, the material was supplied directly 
through melting of the ice sheet. This supply 
was seasonal, for ice melting was practically 
limited to the warm part of the year (Antevs, 
1925, p. 54, 56), which perhaps averaged some 
6 months or 26 weeks, while at present the 7 
months of April-October have mean tempera- 
tures above thaw. The conditions prevailing 
in the Alps are instructive. There, in regions 
with about 7 months of an average temperature 
above 32°F., glacier streams carry large 
amounts of water during about 6 months, but 
plenty of mud only during 4-44 months or 
17-20 weeks (Schwarzbach, 1940, p. 577). Per- 
haps the glacial streams in the Steep Rock 
region supplied large quantities of mud for 
some 4 months or 17 weeks per year. 

The quantitiy of mud released from the ice 
was about proportional to the amount of the 
ice melting. The quantities brought into the 
lake during a melt-season are suggested by the 
thicknesses and the proportions of the coarse 
and fine fractions of varves. Texture of varves 
on the whole varies with the quantity of the 
mud. Varves consisting mostly of coarse silt 
suggest that the bulk of the fine fractions were 
carried farther by strong current, while varves 
of more clay than silt mean that much silt 
was trapped in upper basins and/or that little 
clay passed through the basin. Varves are 
measures of the amount of mud which is 
deposited in the course of a year. 

The mud supply could or did vary in periods 
of many to a few years, of the year, of several 
weeks to a few days, and of day and night. 

The long-term influx of mud can have varied 
with the retreat and readvance of the ice border 
and with changes in the catchment area, in 
the retainment of mud in upper basins, and in 
the course of the mud-bearing currents. When 
the ice border was in the northern part of, or 
just north of, the Steep Rock basin, huge 
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quantities of mud were brought in, and large 


amounts were carried through the basin, judg- 
ing from thick coarse varves. Varves in the 
lower part of series II measure up to 70 cm., 
while the varves in the upper part of the series, 
deposited when the ice border which drained 
through Lake Johnston was far away, average 
about 1 cm. The increase in the catchment 
area, which resulted from the drainage which 
initiated series IV, more than doubled the 
mud influx. Series VII, whose varves consist 
mainly of stiff clay, illustrates relatively small 
influx because the coarse fractions were trapped 
in proximal basins. 

The year-to-year inflow of glacial mud varied 
normally with duration end warmth of the 
summer; and it was influenced by drainages, 
changes in the course of the mud-supplying 
stream or currents, and restrictions of the 
currents by submerged barriers. In extreme 
cases, a varve is ten or more times thicker 
than its predecessor. This holds for the drainage 
varves introducing series III (Fig. 7), IV 
(sample 3, Pl. 3), and VIII (Fig. 8). Near the 
base of series II, three consecutive varves 
measure 10, 70, and 20 cm. 

The summerly mud inflow perhaps normally 
varied with distinct weather cycles and changes, 
being large during warm and sunny periods. 
These variations, however, were recorded in 
the sediments only when the changes were of 
relatively long duration or the deposition was 
rapid, and/or when plenty of fine mud was by 
circulation carried almost to the lake bottom. 
Then a summer period of small mud influx was 
recorded by the formation of a fine silt lamina, 
or by the deposition of a clayey lamina. Lami- 
nae of coarse silt, alternating with such of 
fine silt, occur in series V and are prominent in 
samples 11-13 (Pl. 4). One and three clayey 
laminae are present in varves 2 and 6 of samples 
25, and 19, 15, and 9 laminae, respectively, in 
varves 7, 11, and 12 of sample 26 (Pl. 6). 
Summerly lamina couplets which number about 
15-20 may indicate weather cycles averaging 
a week. Occasionally, the mud influx changed 
because of small drainages. Two such are re- 
corded in varve 8 of sample 26. 

Day-and-night variations in the mud sup- 
ply, seem to be recorded by minute alternate 
laminae of coarse and file silt in series V, for 


ERNST ANTEVS—GLACIAL CLAYS, STEEP ROCK LAKE 


instance at d in varve 5 of sample 11 (PI. 4), 
The 24-hour cycle is prominently reflected jn 
the ablation of glaciers and in the volume of 
their brooks, according to reports from the 
Alps and other mountains. The ablation begins 
at sunrise and attains its maximum in the 
early afternoon. In the case of small glaciers, 
the variations of the ablation are promptly 
followed by fluctuations of the brooks, but 
when the glacier is large and long, so that most 
of the melt-water has to travel a long distance 
to reach the glacier snout, the brook may be 
highest at midnight and lowest in mid-forenoon, 
Such daily fluctuations in the stream flow may 
be felt far downstream (Alfieri, 1938; Schwarz- 
bach, 1940, p. 571, 572; 1950, p. 78, 79). Daily 
fluctuations in the water and mud influx in lakes 
at the border of an ice sheet were limited, 
Schwarzbach believes, to those with small catch- 
ment areas and short tributaries, for the inflow 
may have been equalized if the supply streams 
ranged up to say 100 miles in length. 


The Laminations 


General.—Normally, glacial clays, including 
more than half of those in Steep Rock Lake, 
are made up of silty light-colored laminae, 
deposited in summer, and of clayey dark lami- 
nae, deposited in winter, so that a pair records 
the year, is a varve. However, some of the clay 
series in Steep Rock Lake are abnormal. They 
are composed of varves which vary excessively 
in thickness and type, and have clay laminae 
of two or more orders, or clay laminae which 
range with all gradation from thick to minute. 
Clearly, the well-developed clay laminae are 
winter components of varves, and the minute 
ones represent a few cool days, but many 
intermediate laminae are not easily classified. 
Furthermore, if certain short-term lamina coup- 
lets each represent at least about a week, and 4 
year deposit can contain at most some 25 of 
these couplets, then winter laminae are in some 
cases subnormal, in other instances non-exist- 
ent, that is the deposit is unvarved. It has 
therefore been particularly important to resolve 
which clay laminae are winter deposits and 
which are merely short-term ones, and what 
constitutes the year deposit. 

The subordinate couplets mentioned consist 
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of laminae of silt and of clay which probably is 
in most cases coarse. The clay settled during 
col periods of no silt influx following large 
inflows and dispersal of the fine mud by circu- 
lation to great depths of the lake. This type is 
practically the only one present in series IV, 
VI, and VIII. 

However, there is another kind of subordinate 
lamina couplets without clay. Thus, much of 
the lamination in series V is produced by silt 
of different color and coarseness or by sand, 
the dark laminae consisting of red-brown or 
dark-gray coarse silt or dark sand, the light- 
clored laminae of medium and fine silt. This 
lamination may have been caused by changes 
in the strength of the supply current and is 
then a current lamination. Lamina couplets 
ranging from one to several millimeters may 
telect the 24-hour cycle or weather changes 
of from a few days to more than a week. This 
current lamination may occur alone as in 
varves 3, 6, and 7 of samples 10 and 11 (PI. 
4), or it may occur in summer deposits which 
also contain clay laminae as in varves 4, 8, 
16, and 17 of samples 10-13. The intercalated 
day laminae must have deposited just as 
other summerly clay laminae. When the two 
types of laminae occur together in a varve they 
produce a much more irregular lamination 
(fi. varves 8, 18, and 19 of samples 12 and 14, 
Pl. 4), reflect a more variable weather, than 
either does alone. 

The laminations in the clays of Steep Rock 
Lake had a combination of causes, the most 
important of which seem to have been: re- 
striction of appreciable mud supply to the 
warm season; fluctuations in the mud influx 
and in the strength of the mud-bearing upper 
current; differential rate of settling of unequal 
grains and particles; low temperature and ac- 
companying high viscosity and density of the 
lake water; semistratification or isothermy of 
the water and oscillations between these states; 
height of fall of the particles; and variations in 
the concentration of the electrolytes. 

The mud influx and the current—and conse- 
quently also the concentration of the suspen- 
sion, the texture of the mud, and to some extent 
the lake temperature—varied with the progress 
of the warm season and, at least when the 
glacial streams were short, with weather changes 
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and day-and-night. Warm-seasonal mud sup- 
ply was a prime condition for the formation 
of the varves, and intermittent silt influx for 
that of the silt-and-clay couplets. Variable 
mud inflow and upper current in cycles of 
from 24 hours to several days produced the 
current lamination in series V. 

Low temperature of the lake water meant 
high viscosity and density, very weak thermal 
stratification or isothermy, and great and easy 
potential circulation. The great density per- 
mitted part of the glacial water and mud at 
the discharge to diffuse through the lake water 
column and rise to its surface. The high viscosity 
and density greatly retarded the settling of 
the fine particles, but not the deposition of the 
coarse grains, and thus caused sorting of the 
mud. These conditions, together with the sea- 
sonal mud supply and large height of fall, 
caused deposition of the coarse fractions in 
summer and of the fine clay in winter to pro- 
duce the annual laminations, the varves. 

Isothermy, which prevailed when and where 
cooling by melt-water and heating by the sun, 
evened out by circulation and mixing, balanced 
each other, permitted a deep-reaching circula- 
tion which carried clayey mud to great depth. 
Thanks to the consequent small height of fall, 
part of this clay settled without extensive 
flocculation to form subordinate clay laminae, 
if there followed a cool period without silt 
influx, if the clay concentration was consider- 
able, and if calm. prevailed at depth. Stillness 
of the lower water strata can have been caused 
by temporary expansion of the zone of weak 
direct stratification by warming of the surface 
water while the inflow of cold melt-water was 
small. Since the lake was deep, the clay could 
not settle in summer from the upper water 
strata without strong flocculation, but since 
the lamination is distinct and diatactic, not 
symminct, little flocculation took place. The 
height of settling of the mud of the summerly 
clay laminae must have been small. The thick- 
ness of the clay laminae depended notably on 
the mud concentration, the distance to sink, 
and the length of time before the next mud 
influx brought silt to the site. Since the thick- 
nesses vary greatly, the factors also must have 
done so. The time factor perhaps ranged from 
several days to a few weeks. The silt laminae, 
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on the other hand, were formed during the 
height of the mud inflow. The main factors of 
the subordinate silt-and-clay lamina couplets 
then seem to have been heavy intermittent 
mud inflows and isothermy and deep-reaching 
circulation of the lake water, causing immediate 
deposition of the silt and slightly delayed 
settling of the clay. 

Winter clay and short-term clay laminae.— 
There is no known simple and practical sure 
way to distinguish winter deposits from sum- 
mer clay laminae. Mechanical analyses would 
probably show that the winter laminae have a 
finer texture than short-term ones, but I have 
not made such analyses.’ 

The present attempt to distinguish them 
considers the several factors which may have 
influenced the relative and absolute amount 
of the fine clay and the interlaminated silt 
deposits. The annual amount of ice melting 
was important. Much melting released plenty 
of mud, including clay, and produced a strong 
upper current and a wide zone of cold water of 
inverse stratification. As a consequence, the 
clay fractions underwent a long transportation 
and to a great extent passed through the Steep 
Rock basin, so that the deposits, except per- 
haps in quiet bays, received less than normal 
proportions of clay. Small ice melting had op- 
posite effects. Another factor, illustrated by 
proximal versus distal varves, was the distance 
from glacier to the site of deposition. A third 
factor was the degree of retainment or trapping 
of coarse mud fractions in proximal basins 
which depended on the height of submerged 
barriers. A fourth factor was the thermal strati- 
fication of the lake water. In the indirectly 
semistratified belt near the ice, transportation 
of fine mud was facilitated; in isothermal water, 
circulation carried much clay down to small or 


Some distal varved glacial marl at Upsala, 
Sweden, has coarser winter laminae than summer 
components, because in the former greater pro- 
portions of the minute particles of the glacial mud 
suspension ius, ‘a, p. 261; 1947b, p. 
44, 66, 69-70). The dark color Me the winter cae 
ponents is in these cases caused by larger percent- 


ages of organic matter. However, less 100 
varves farther up in the same clay series, “the spring 
and summer deposits [are] as a rule considerably 
coarser than the fine, stiff winter clay” (Hérner, 
1948, p. 247, 260). 


great depth to be stored for winter deposition or 
to settle during the summer. In the directly 
stratified belt, clay was transported in the 
upper water strata, stored in the lower. 

The thickness of a clay lamina is in most 
cases a fair criterion of its time values. A thick 
and even a fairly thick clay lamina must have 
required a considerable time to accumulate 
and consequently represents a winter. A thin 
one usually records a summer cold period, 
However, thin clay laminae occasionally appear 
to be winter deposits which are subnormal 
from paucity of clay, because the bulk had 
been deposited during the summer or had been 
transported out of the basin. 

The thickness of the winter clay was deter- 
mined by the amount of clay which remained 
suspended in the lake to deposit after the end 
of the melt-season. The thickest clay laminae 
are products of distant drainages. Relatively 
and often absolutely thick winter components 
are characteristic of distal varves (sample 2, 
top of sample 30, Pls. 2, 6). Moderate thickness 
is present in varves formed at moderate dis- 
tance from the glacial stream and in the lower 
part of the series containing composite varves 
(series IV-VI). Thin winter clays are typical 
of proximal varves and of the upper parts of 
series IV and V. Therefore a relatively thick 
winter clay mostly goes with a thin summer silt 
to make a thin fine-textured varve, and a 
thin clay is coupled with a thick summer 
component to form a thick coarse-grained varve 
in the proximal zone with strong currents. 

A few examples will illustrate the differences, 
variations, and similarities of winter clays and 
summer clays and the attempts to distinguish 
them. Other cases have been treated in the 
descriptions of the clay series. 

Laminae of dark sand and rust-colored fine 
or clayey silt, which occur occasionally, give 
the appearance of clay laminae in the photo 
graphs. Thus, the upper dark lamina in varve 
3 of sample 10 (Pl. 4) is of black sand, the 
lower one, of red-brown silt. The dark laminae 
in varves 5, 19, and 30 of samples 4 and 5 
(Pl. 3) are of rust-colored silt. 

In sample 4 (PI. 3) of series IV the couplets 
numbered 3, 4, 10, and 11 are sure varves. 
Their summer and winter components measure: 
Varve 3, 32 and 8 mm.; varve 4, 18 and 6 mm.; 
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and varves 10 and 11, 13 and 5 mm. The 
winter laminae represent 20, 25, and 28 per 
cent of the total varve thicknesses. These 
fairly thick winter laminae show that the glacial 
mud contained plenty of colloidal clay and 
that during these years much clay was stored 
in the lake to settle during the winter. 

The winter lamina given number 9 is in the 
same class as those enumerated. However, the 
deposit between the winter clays numbered 4 
and 9 is 18.5 cm. thick, consists of similar silt 
as the varves below and above and includes 
four prominent clay laminae. These beds to- 
gether cannot reasonably be the equivalent of 
the sure summer deposits numbered 4 and 10, 
which are 18 and 13 mm. The clayey laminae 
of the second order must represent winters and 
have been marked accordingly and numbered 
5-8 on the sample. Their thinness may be a 
result of heavy transportation of clay through 
the lake. 

The deposit between winter laminae 8 and 
9, which measures 8.3 cm., might represent 
one year and one summer, and the thin clay 
lamina marked by dots might be a winter 
lamina whose thinness then would be a conse- 
quence of small storage of clay during the 
preceding summer. The upper varve, 15 mm. 
thick, would closely resemble number 10. The 
lower varve, 7.3 cm. thick, would still be 
exceptional. More probably, the entire deposit 
between laminae 8 and 9 represents a summer. 
This would have been unusually warm with 
ten marked melt-periods during which much 
mud was brought into the basin and was re- 
tained by being carried down to great depth 
by the circulation. The dark secondary laminae 
of clayey silt or silty clay record intervening 
periods of little or no silt transport to the site. 

Clay laminae numbers 12 and 13, which 
ate only 2 mm. thick, while number 11 is 5 
mm., may, like numbers 5-8, be results of 
small summerly clay storage, and may be 
winter laminae. 

Another instructive example is supplied by 
samples 20-24 of series V (Pl. 5). Above the 
clay lamina which with some hesitation has 
been designated winter lamina 48, there are in 
1.28 m. of laminated silt only two well-de- 
veloped and consequently sure winter laminae, 
namely those named B and D, and three prob- 
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able ones: A, C, and E. If the deposits occurring 
between laminae 48, B, and D be varves, the 
first would be 51, the second 49 cm. thick. The 
first varve would contain about 85, the second 
about 95 secondary lamina couplets, which 
average 6 and 5.5 mm. Practically all the coup- 
lets are of the silt-and-clay type. Mainly in 
sample 22, several couplets contain from one 
to three minute current laminae of coarser 
material. Since these laminae cannot record a 
shorter period than a day, the couplets, which 
show good grading of the material, must repre- 
sent weather cycles of from several days to 
one or more weeks. It follows that the half 
meter thick deposits with 85 and 95 couplets 
cannot be varves. If the probable winter lami- 
nae are admitted, the deposit between the 
sure winter laminae 48 and B is divided into a 
lower part 21 cm. with about 30 secondary 
lamina couplets and an upper part of 30 cm. 
with about 55 couplets; that between B and D 
into one of 46.2 cm. with about 90 secondary 
lamina couplets, and another of 2.8 cm. with 
four couplets; and besides there is deposit EZ, 
6.5 cm. thick, with about ten couplets. Since 
at least the deposits with 55 and 90 secondary 
couplets could not reasonably be varves, there 
must be too few discernible winter deposits. 
At the onset of several winters, too little clay 
must have remained in the lake to form a winter 
lamina. 

An attempt has therefore been made to find 
the probable varve limits under the assump- 
tions that they are marked by at least faint 
clay laminae and that a varve can hardly have 
contained more than 25 well-developed secon- 
dary lamina couplets. The possible varve limits 
are marked on the photographs by the letters 
a-i. There are other clay laminae which could 
be considered, but that would be to create 
more hypothetical varves than seems necessary. 
The thicknesses of the possible varves and the 
approximate number of the contained second- 
ary lamina couplets are: a: 12.2 cm., 17 coup- 
lets; A: 8.8 cm., 13 couplets; 6: 12 cm., 20 
couplets; c: 8.5 cm., 17 couplets; B: 9.5 cm., 
17 couplets; d: 18 cm., 25 couplets; e: 8.7 cm., 
18 couplets; f: 8 cm., 15 couplets; C: 11.5 cm., 
27 couplets; D: 2.8 cm., 4 couplets; Z: 6.5 cm., 
10 couplets; g: 3.7 cm., 10 couplets; A: 10.2 
cm., 19 couplets; 7: 6.5 cm., 19 couplets. 
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The absolute and relative thickness of the 
winter laminae show especially large, sudden 
and frequent variations in series V (samples 
10-24, Pls. 4, 5) (Table 9). 

In these varves, the winter clays range in 
thickness from 3 to 34 mm. and in percentage 


TABLE 9.—THICKNESS (IN MM.) OF COMPONENTS 
or Some EXTREME VARVES 


Percentage 

2 26 34 56 
7 39 3 7 
8 198 4 2 
12 6 7 54 
23 76 24 24 
29 84 10 11 
32 7 10 59 
4t 6 10 62 
48 34 3 8 


from 2 to 62, but some probable winter clays 
near the top of the series are only about 1 mm. 
thick. 

The thick clay of varve 2 was probably a 
result of a drainage at so distant a point that 
little except clay reached the Steep Rock basin 
The thin winter clays and the relatively thick 
summer components, examplified by varves 7 
and 8, represent proximal and intermediate 
deposits and record years of heavy melting and 
mud influx and transportation of most of the 
fine clay through the basin. In varve 8, some 
of the dark secondary laminae are of clay, 
accounting in part for the thin winter clay. 
Other laminae are of dark or red-brown coarse 
silt and indicate distinct variations in the 
strength of the mud-bearing current. Varve 
12 represents a group of relatively thin varves 
which have large proportions of clay and thus 
resemble distal parts of varves, parts deposited 
in water with direct semistratification. These 
varves may be results of diversion of the main 


current, small flow through the lake, cool 
summers, small melting, and water influx, and 
consequently a relatively warm lake, since its 
temperature was influenced more by cold melt. 
water than by the air temperature. 

The thick winter clay in varve 23 is incon 

gruous with the secondary lamination in the 
summer component. Except for the two thick- 
est dark laminae near the middle of the varve, 
which are of coarse clay, the dark laminae 
consist of rust-colored relatively coarse silt, 
The dusky 10-mm. thick lamina near the base 
is of fine red-brown sand. Therefore the summer 
component indicates semistratified water most 
of the time and frequent strong currents which 
should, it seems, have carried away most oj 
the clay. Perhaps most of the winter clay de. 
rived from a distant drainage during the au- 
tumn. 
Number 29 is a fairly typical composite 
varve in which most of the dark laminae 
consist of clay and the winter deposit is rela- 
tively thin. Seven major melt-periods and at 
least 25 moderate to minute lamina couplets 
can be distinguished. Varves 32 and 44 are 
distal types and almost exactly like number 12. 
Number 48 with thin winter clay resembles a 
varve formed in the outer part of the inversely 
stratified zone. 

These and other varves indicate a change 
perhaps cyclic in the varve type from proximal 
(no. 7) to intermediate (no. 8) to distal (no. 
12) to intermediate (no. 18) to distal (no. 22) 
to intermediate (no. 29) to distal (no. 32) to 
intermediate (no. 37) to distal (no. 44) to 
proximal (no. 48). As seen in the spacing of the 
distal varves, the possible cycle was about ll 
years, the mean length of the sunspot cyde 
The cause of the variation in type may have 
been changes in the thermal stratification 
the lake which in turn was determined by the 
air temperature and the influx of cold melt 
water. Lawrence (1950, p. 214, 215, 218, 222) 
has found that several modern Alaskan glaciers 


Pirate 1—AIRVIEW AND CLAY EXPOSURE, STEEP ROCK LAKE 
Ficure Arm or Steep Rock Lake, Looxinc NoRTHWEST 
The natural lake shore is mostly a rock bench bordered by forest. In foreground, i in ore body “ 


at Mosher Point. At upper right, north end of Middle Arm; at upper left, north end o: 


West Arm; and be 


tween these, Steep Rock Lake mine settlement and post office. The Photographic Survey Corp., Ltd, 
Toronto, 1950. 


Ficure 2.—Exposure oF GLaAciAL Ciays IN STEEP Rock LAKE 
(J. E. Berg, Steep Rock Lake, Ontario, October, 1950.) 
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gpand and attain maxima during minima of 
anspots, and withdraw during maxima. 
Simple varves—A simple varve is a year 
deposit which consists of two distinct com- 
ponents which are simple or at most contain 
sbordinate laminae, which, viewed as pairs, 
do not resemble thin varves (samples 1-3, 
i0, 11, Pls. 2-4). It consequently lacks distinct 
day laminae in the summer deposit. Current 
mination of coarse and fine silt is frequent. A 
lt lamina from a drainage or an Indian sum- 
mer occasionally occurs in the winter clay; 
arely, there are two silt laminae. Even minute 
or solitary clay laminae seem permissible at 
times, for varves like number 1 in sample 3, and 
number 5 in sample 11 should be included in 
this category rather than among composite 
varves. Transitions to composite varves are 
present in samples 1 and 31-33 (Pl. 2). 
Glacial varves as a whole are nearly all 
simple. Even most of those formed in Lake 
Johnston are so. Simple varves occur in pure 
series or mingled with composite varves. They 
form series I-III and VII, the bottom parts of 
series IV (samples 3, 4, Pl. 3) and V (samples 
10, 11, Pl. 4), and most of series VIII, while 
composite varves make up most of the upper 
or topmost parts (samples 6-9, 12-24, 31-33, 
Pls, 2-5). Conversely, simple varves are more 
common in the upper than in the lower part of 
series VI (samples 29, 25, Pl. 6). 
Simple varves were formed in weakly strati- 
fied water under conditions already discussed. 
Drainage varves.—A drainage varve is a year 
deposit which is abnormally thick in compari- 
son to its neighbors. Usually the extra mud 
was discharged when a lake drained into the 
settling basin because a dam of ice or earth 
failed. Most of the material was picked up by 
the escaping water en route, while parts came 
from the drained basin and the added catch- 
ment area. In some cases the extra mud re- 
sulted from discharge of additional ice streams 
into the settling basin, or from advance of the 


ice border across the divide. A drainage varve 
is frequently but not always a mega varve, a 
term used by Pettijohn (1949, p. 139, 469) for 
year deposits which are several to many inches 
thick. The drainage varves starting series III, 
IV, and VIII are ten or more times thicker 
than the preceding varves (Figs. 7, 8; sample 
3, Pl. 3). The deposition in series IV after the 
drainage was twice as large as in series III. 
Small drainages are recorded in varve 8 of 
sample 26 (PI. 6). 

The most striking drainage varve in the 
deposits of Lake Johnston is that which in- 
augurates series VIII (Fig. 8). It consists at 
locality 14 of 30 cm. white sand and silt and of 
20 cm. red clay. The overlying varves 2 and 
3 also contain sand but are not very thick. 
Other simple drainages are recorded by the 
first varves of series IV and VI. The former 
varve (sample 3, Pl. 3) resembles a thick 
simple varve. Its lack of sand and its faint 
lamination suggest a generally heavy but quiet 
and somewhat variable mud inflow during the 
entire season. The first varve of series VI 
(sample 25, Pl. 6) has an almost massive silt 
component which indicates deposition from an 
excessively concentrated mud suspension, a 
sedimentation which was steady and inde- 
pendent of the weather changes. These three 
drainages are discussed in the description of 
the clays. 

The first four varves of series III record a 
drainage with an unusual change in the pro- 
portions of silt and clay (Fig. 7). The thickness 
of the silt and of the clay components of these 
varves are at locality 9: Varve 1, 4 cm. silt 
and 9 cm. clay; varve 2, 10 and 5; varve 3, 10 
and 1; and varve 4, 11 and 1. The feature seems 
explainable by the following assumptions: The 
drainage may have occurred at a moderate 
distance, and may have begun in the later 
part of the warm season of year 1. More clay 
may have been available to the drainage stream 
the first year than during the others. A late 


Pirate 2.—GLACIAL CLAY SAMPLES FROM STEEP ROCK LAKE 

When taken the samples were 12 inches (30.5 cm. )long. Those that have not shrunk are in the plates 
reduced to 5 inches (12.7 cm.). The difference between 5 inches and the actual length is a measure of the 
orinkage, for in order to make the laminations distinct only part of the water in the clays was replaced by 
diluted glycerine. Full line means sure varve limit; dashed line, probable; and dotted line, possible varve 
limit. A cross at top and base of some consecutive samples shows correlation. 

Sample 1.—Varves 59-75 of Series II; Sample 2.—Varves 107-131 of Series III; Sample 31.—Varves 
=" of Series VIII; Sample 32.—Varves 173-177 of Series VIII; Sample 33.—Varves 178-185 of Series 
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start during year 1 would allow only a short 
time for transport of silt into Steep Rock 
basin and for transport of clay through the 
basin. On the other hand during the years 2, 
3, and 4 the entire summers were available for 
such transports. During the years 3 and 4, the 
mud influx was variable, for the summer com- 
ponents contain 2 and 4 subordinate clay 
laminae, respectively. 

Other types of drainage varves have been 
described in earlier papers (Antevs, 1922, p. 
69; 1925, p. 19). 

Composite varves.—A composite varve is here 
defined as a year deposit whose summer com- 
ponent contains subordinate but distinct clay 
laminae which with underlying silt laminae 
make couplets that resemble thin or faint 
true varves. A varve which only contains 
current laminae in the summer deposit, or a 
silt lamina in its winter component, should be 
classified as a simple varve; but current laminae 
are common in composite varves of series V. 
Composite varves always occur with simple 
varves, but make up most of series IV, V, and 
VI, and most of the upper half of series VIII. 

As argued previously, the subordinate silt- 
and-clay lamina couplets may have formed 
from strong intermittent mud inflows by quick 
deposition of the silt and slightly delayed 
settling of the clay after it had been carried 
to great depth by the circulation in the iso- 
thermal lake zone. The number of the couplets 
in a varve depended mainly on the number of 
the pronounced weather changes, on the quan- 
tity and rate of deposition of the mud, and on 
the duration of the summer. Varves 5, 2, and 
6 in sample 25 (Pl. 6) are 8, 12, and 18 mm. 
thick and contain 0, 1, and 3 such lamina 
couplets. Varves 11 and 7 in sample 26 (Pl. 6) 
are 46 and 76 mm. thick and have 15 and 19 
couplets representing weather changes of pos- 
sibly a week’s duration. Perhaps the maximum 
number of silt-and-clay couplets that could be 
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formed in a melt-season was about 25 if this 
averaged that many weeks. However, the prob. 
able year deposit number 51 in sample # 
(Pl. 6) contains 35 couplets. 

Because of the special requirements of forma. 
tion, composite varves are local and rare ex. 
ceptions. 

Unvarved laminations.—The top parts of 
series IV, V, and VI or samples 7-9, 20-24, and 
30, (Pls. 3, 5, 6), which contain numero; 
subordinate lamina couplets of silt and clay, 
have obscure or indistinguishable winter clays 
and are therefore in part unvarved. Evidently 
the lake water contained too little clay at the 
end of the melt season, because the bulk had 
gone into the summerly clay laminae and a 
part had been carried farther. These unvarved 
deposits are extreme products of variable mud 
inflow and of isothermy of the lake water. 

Series IV, samples 3-9 (Pl. 2), shows a 
upward change from thick to faint or nop- 
existent winter clays and, at the same time, 
from predominantly simple varves, through 
mostly composite ones, to a partly unvarved 
lamination. Series V, samples 10-24 (Pls. 4, 5), 
presents an essentially similar alteration. I 
the course of the deposition of these series, the 
lake water became isothermal during more and 
more summers and finally every summer, and 
then, after perhaps weekly to fortnightly sedi- 
mentation of some clay, distinct winter laminae 
sometimes failed to form. In series VI the last 
year’s deposit lacks recognizable winter day 
(sample 30, Pl. 6). 


CoMPARABLE ABNORMAL VARVES AND 
LAMINATIONS IN OTHER REGIONS 


On Wabigoon and Dinorwic lakes, some 1) 
miles north-northwest of Steep Rock Lak, 
Rittenhouse (1933; 1934) observed a 24-yeit 
series of abnormal varves with very thick, dari 
chocolate-red winter fractions. This sefis 


Pirate 3—GLACIAL CLAY SAMPLES FROM STEEP ROCK LAKE 


See Explanation of Plate 2. 


Sample 3.—Varves 126-131 of Series III and 1-3 of Series IV; Sample 4.—Varves 3-13 of Series IV; 
Sample 5.—Varves 14-31 of Series IV; Sample 6.—Varves 31-41 of Series IV; Sample 7.—Varves 41-500 
Series IV; Sample 8.—Varves 50-56 of Series IV; Sample 9.—Varves 57-58 of Series IV. 

Prate 4.—GLACIAL CLAY SAMPLES FROM STEEP ROCK LAKE 


See Explanation of Plate 2. 


Sample 10.—Underlying almost Massive Clay and Varves 1-3 of Series V; Sample 11.—Varves 470 
Series V; Sample 12.—Varves 7-10 of Series V; Sample 13.—Varves 10-16 of Series V; Sample 14.—Varvé 
17-19 of Series V; Sample 15.—Varves 19-22 of Series V; Sample 16.—Varves 22-26 of Series V. 
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closely resembles series VII in Steep Rock Lake, 
but must be younger. 

In 1923, I saw just north of Sault Ste. Marie, 
Ontario, glacial clays with subordinate clay 
laminae, perhaps resembling some of the de- 
posits in Steep Rock Lake. They reminded me 
of the troublesome clays in southernmost Swe- 
den and in Denmark, which I had given some 
study in 1918-20. 

These Danish and Scanian clays, intensively 
studied by Sigurd Hansen (1940; also Antevs, 
1946), supply the closest parallel, but the agree- 
ment is only partial. Common to both clays 
are (1) varves with subordinate current lamina- 
tion, or with current laminae and solitary clay 
laminae; (2) varves containing both current 
lamination and subordinate silt-and-clay lami- 
nation; and (3) unvarved laminations. The 
first type is common in the clays of the glacial 
lakes of the Egernsund region in Nord Slesvig 
(Hansen, 1940, p. 445, 469-470; Pls. 3, 4, 6, 
35, 36) and occurs in series V of Steep Rock 
Lake (samples 10, 11, Pl. 4). The second type is 
present in glacial Lake Stenstrup on Fyn (Han- 
sen, 1940, p. 453, 470; Pl. 37, L, M), on Sjael- 
land (p. 423, 454-456, 470; Pls. 38, N, O, Q), 
and near Egernsund (PI. 36, F), all in Denmark, 
and in series V (samples 12, 14-19, Pls. 4, 5) in 
Steep Rock Lake. Unvarved laminations occur 
at many places in Denmark (p. 466, 470; Figs. 
31, 43, 49; Pls. 36, I; 38, P), and at the top of 
series IV, V, and VI in Steep Rock Lake 
(samples 7-9, 20-24, 30, Pls. 3, 5, 6). 

Both simple and composite varves are com- 
mon to clays in Scano-Dania and Steep Rock 
Lake. Most varves of Hansen’s (1940, p. 445, 
469; Pls. 35; 36, E, G, H,; 37, J, K) “normal” 
or “Egernsund” type belong to my “simple” 
varve type, but some (Pls. 37; 38, L, M, O) 
belong to my “composite” varve group. Han- 
sen’s (1940, p. 466, 470; Fics. 40-42, 52, 61, 
64, 65; Pl. 38, N, Q) “zonary” type also falls 
under my “composite” type; and possibly one 
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or two varves in Steep Rock Lake (sample 13, 
varve 16 and sample 16, varve 26, Pl. 4) actu- 
ally fit Hansen’s definition. 

Varves with subordinate silt-and-clay coup- 
lets but without current laminae, which are 
common in or characteristic of series IV, VI, 
and VIII (Pls. 3, 6, and 2, samples 31-33) in 
Steep Rock Lake, are not surely recognizable 
in Hansen’s photographs. On the other hand, 
the unvarved lamination shown in Hansen’s . 
Plate 38, P has no full correspondence in 
Steep Rock Lake, though parts of series V 
(Pls. 4, 5) are somewhat similar. 

As regards composite varves, thus mainly 
series V (Pls. 4, 5) in Steep Rock Lake re- 
sembles the Danish clays. 

A distinct difference is the constancy of the 
varve type in the Danish clays versus the ir- 
regular alternation of simple and composite 
varves in series IV-VI and VIII of Steep Rock 
Lake. The year to year changes in mud supply 
and conditions of deposition were much larger 
in Steep Rock Lake. 

The Danish clays which show agreement with 
Steep Rock sediments were deposited in regu- 
lar marginal ice lakes; those that do not, in 
similar lakes (Hansen, 1940, Pl. 38, Q) or in 
glacial hillock lakes—lakes ponded by ice on 
top of the highest hillocks (Pl. 38, N, P). 

The laminations of the Danish clays may be 
explained by the principles here used in 
elucidating the conditions of formation of those 
in Steep Rock Lake. 

In the belt south and southeast of the Baltic 
(Vierke, 1937 and quoted papers) and in the 
Leningrad region (Markov and Krasnov, 1930) 
there are glacial clays which also appear to 
have laminations similar to those formed in 
Lake Johnston. The sediments of the modern 
glacial Tide Lake in northern British Columbia 
seem comparable (Hanson, 1932), but, with the 
available illustrations, comparisons would be 
unprofitable. 


Prate 5.—GLACIAL CLAY SAMPLES FROM STEEP ROCK LAKE 


See Explanation of Plate 2. 


Sample 17.—Varves 26-34 of Series V; Sample 18.—Varves 33-39 of Series V; Sample 19.—Varves 
39-44 of Series V; Sample 20.—Varves 43-a of Series V; Sample 21.—Varves A-c of Series V; Sample 22.— 
Varves B and d of Series V; Sample 23.—Varves e-D of Series V; Sample 24.—Varves D-i of Series V. 

PiaTE 6.—GLACIAL CLAY SAMPLES FROM STEEP ROCK LAKE 

See Explanation of Plate 2. 

Sample 25.—Disturbed top of Series V and Varves 1-6 of Series VI; Sample 26.—Varves 7-12 of Series 
VI; Sample 27.—Varves 13-17 of Series VI; Sample 28.—Varves 18-29 of Series VI; Sample 29.—Varves 
30-49 of Series VI; Sample 30.—Varves 49-51 of Series VI and Varves 1-5 of Series VII. 
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SUMMARY AND CONCLUSIONS 


Lowering of Steep Rock Lake, Ontario, more 
than 100 feet by pumping, and later hydraulic 
stripping, landsliding, and gullying exposed 
thick sections of glacial clays which were studied 
in 1946. These clays seem to have been de- 
posited, not in a branch of Lake Agassiz, but 
in an independent lake, named Lake Johnston, 
dammed in the west by ice. In the meantime 
the ice border withdrew in the east and north- 
east, probably because the relatively high re- 
gion northeast of Steep Rock Lake diverted 
the ice flow to the west and east. Lake John- 
ston stood mostly 100 feet above modern Steep 
Rock Lake and persisted for more than 1250 
years. It was contemporaneous with relatively 
early stages of Lake Agassiz and Lake Algon- 
quin. It terminated by lowering, probably by 
drainage to Lake Agassiz. 

The water depth in which most of the studied 
clays were deposited ranged between 125 and 
275 feet. At the height of the summer Lake 
Johnston probably had three areal tempera- 
ture zones: (1) a proximal belt with inverse 
thermal semistratification (coldest water, be- 
low 39.2°F., at top); (2) a middle zone with 
isothermy at about 39.2°F. (4°C.), the greatest 
density, from surface to bottom; and (3) a 
distal belt with direct semistratification (warm- 
est water, above 39.2°F., at top). The isothermal 
zone had different width during the different 
lake stages. 

The clays fall into eight series differentiated 
by texture, thickness of the annual deposit 
(varve), and lamination. About 60 feet of the 
deposits are made up of typical varves with 
simple silty summer components and with 
clayey winter fractions. Some 40 feet of the 
beds are abnormal in that the winter clays 
vary from prominent to indistinguishable, and 
thin to moderate clay laminae frequently occur 
in the summer deposits. 

The main factors and conditions which de- 
termined the laminations were (1) restriction 
of appreciable mud supply to the warm months, 
(2) fluctuation of the mud influx and of the 
currents, (3) differential rate of settling of 
unequal grains and particles, (4) low tempera- 
ture and accompanying high viscosity and 
density of the lake water, (5) semistratification 
or isothermy of the lake water and oscillations 
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between these states, (6) height of fall of the 
particles, and (7) variations in the concentra. 
tion of the electrolytes. 

The coarse, silty mud fractions settled 
quickly. The winter clays were results of the 
warm-seasonal mud supply and of greatly re. 
tarded settling of the fine particles because of 
high viscosity and density of the lake wate 
and because of great height of fall. The best 
developed winter clays were formed in the 
distal zone of semistratification. The winter 
clays, recording the amounts of clay which 
remained in suspension until winter, vary 
greatly in relative and absolute thickness, de. 
pendent mainly on how much coarse mud was 
trapped in proximal basins, how much clay 
was deposited during the summer, and/or how 
much was transported out of the basin. At 
times the winter clays are indiscernible or 
missing because little or no fine clay re 
mained in the lake to settle after the end of 
the melt season. 

Many varves in Steep Rock Lake contain 
subordinate clay laminae formed during the 
summer. A summer clay limina may have been 
deposited during a cold spell of no appreciable 
mud influx. The fine settling mud is believed 
to have been brought in during a preceding 
warm period and to have been carried in consid- 
erable amounts to great depth by circulation 
in the isothermal lake zone, so that it had only 
a short distance to sink. Development of a 
faint direct stratification by warming of the 
surface water, while little ice-cold water entered 
the lake, could have produced the stillness at 
depth necessary for the settling. The mail 
conditions of summer clay laminae seem t 
have been marked weather changes with inter 
mittent heavy mud inflows and isothermy ani 
deep-reaching circulation of the lake water. 
The summer clay laminae are interlaminated 
by silt laminae formed by rapid deposition. A 
silt lamina and an overlying clay lamina forms 
couplet which frequently resembles a thin varve 

Current laminae of relatively coarse and fine 
silt, representing periods of from 24 hours 1 
several days, were produced by a variable 
mud inflow and current. 

The winter and the summer clay lamina 
vary greatly in absolute and relative thickness 
and their ranges overlap, so there is no simple 
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way to distinguish between them. Due consider- 
ation has been taken of the several factors 
which may have affected the absolute and 
relative quantity of the fine clay and of the 
interlaminated silt. 

In the deposits of Lake Johnston, four larger 
laminations have been distinguished: simple 
varves, drainage varves, composite varves, and 
unvarved laminations. A simple varve is a 
year deposit composed of two distinct com- 
ponents which are simple or at most contain 
subordinate laminae, pairs of which do not 
resemble thin varves. It thus lacks distinct 
clay laminae in the summer deposit. Nearly 
all glacial varves, even most of those in Steep 
Rock Lake, are simple. A drainage varve is a 
year deposit which is abnormally thick in 
comparison to its normal neighbors because 
of extra material usually derived from the 
drainage of a lake into the settling basin be- 
cause a dam of ice or earth failed. A composite 
varve is a year deposit whose summer com- 
ponent contains subordinate but distinct clay 
laminae, which, combined with underlying silt 
laminae, make couplets resembling thin true 
varves. The number of the subordinate silt-and- 
clay couplets in a varve, which varied greatly, 
depended mainly on the number of the pro- 
nounced weather changes, on the quantity 
and rate of deposition of the mud, and on the 
duration of the summer. Perhaps the maxi- 
mum number of couplets to form during a 
melt season was about 25, if this latter averaged 
that many weeks or roughly 6 months and if 
the perod of large mud inflow averaged some 
17 weeks or 4 months. Some of the deposits 
which contain numerous summer clay laminae 
lack discernible winter clays and are therefore 
unvarved. Obviously, the clayey mud had been 
deposited during the summer or had passed 
through the lake, so that insufficient material 
remained to form winter clay. Composite varves 
and unvarved laminations are rare and ab- 
normal forms of glacial sediments; and the 
main conditions which produced them—a broad 
isothermal lake zone and greatly variable mud 
inflows—must have been exceptional. 

The abnormal laminations in the Steep Rock 
clays have their closest known parallels in the 
glacial clays of Denmark and southernmost 
Sweden, which have been intensively studied 


by Sigurd Hansen. However, the agreement is 
only partial, and there are distinct differences, 
as the constancy of type in the Danish deposits 
versus the irregular alternation of simple and 
composite varves in the Steep Rock clays. 
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SUBMARINE GEOLOGY OF THE GULF OF ALASKA 
By Henry W. MENarD AND Robert S. Dietz 
ABSTRACT 

The floor of the Gulf of Alaska is a smooth plain sloping gently to the southwest. Thirty-five major 
submarine mountains, ranging in relief from 3500 to 12,400 feet, are known to rise above the plain. The > 
seamounts appear to be of two types and have been separated into two topographic provinces. 

In one province the symmetry, slope angles, and alinement of the seamounts indicate that they are 
volcanos. Most of the shoaler seamounts in this province have flat tops at a depth of 400-500 fathoms. 
The flat tops, as much as 8.5 miles wide, apparently were produced by wave truncation near sea level. One 
seamount situated on the axis of the Aleutian Trench has a flat top at a depth of 1380 fathoms; it appears 
to owe its unusually great depth to subsidence related to the formation of the trench. 

The seamounts in the second province are elongate and are found on low ridges. Profiles are asymmetrical 
and irregular; none of the seamounts are flat on top, although four are much shoaler than the flat-topped 
seamounts in the first province. By reason of their topography and their relation to the trend of a Pliocene- 
Pleistocene orogenic belt, the seamounts are thought to be orogenic mountains. 

The geological history of southern Alaska suggests that the eastern part of the Aleutian Trench originated 
in early Tertiary time. It also suggests that an earlier trench, now filled with sediment, existed in Mesozoic 
time at the present site of Kodiak Island and the Kenai Peninsula. The eastern part of the Aleutian Trench 
has an asymmetrical, V-shaped profile unlike the profiles of other major oceanic trenches. The unusual pro- 
file suggests that this part of the Trench may have a deep filling of sediment. 
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INTRODUCTION 
Sources of Information 


During the summer of 1949, Dietz partici- 
pated in a cruise to Alaskan waters on the USS 
EPCE(R) 857, a research vessel of the U. S. 
Navy Electronics Laboratory. An important 
aspect of the scientific program was the con- 
tinuous operation of the vessel’s NMC-2 echo 
sounder (Fathometer) to obtain information on 
the bathymetry of the sea floor. 

The track of the vessel to and from Alaskan 
waters closely followed the continental shelf 
and slope of western North America except 
where the abyssal ocean floor was crossed in 
the Gulf of Alaska (Fig. 1). Essentially con- 
tinuous bottom profiles were obtained during 
the northern passage from Seattle to Kodiak 
and also the return from Kodiak to Sitka. 
Graphic recording of all soundings deeper than 
2000 fathoms was accomplished by a slight 
modification of the echo sounder which other- 
wise records depths only less than 2000 fathoms. 
A profile of the sea floor between Kodiak and 
Sitka was recorded on the echo sounder’s 
large (shoal) scale which gives an unusually 
detailed picture. Successful use of the large 
recorder scale in deep water is believed to be 
the result of placing the sound projector on a 
column which could be lowered about 5 feet 
into the water below the hull—thus avoiding 
blocking of the sound pulses by turbulence 
and bubbles along the skin of the ship. 

For the sake of brevity, the limitations of 
echo sounding are not described in this paper. 
(See Kuenen, 1935; Murray, 1941; and Tolstoy 
and Ewing, 1949; or Adams, 1942, for informa- 
tion on this subject.) 

The sea floor topography of the Gulf of 
Alaska is better known than the topography of 
any other large part of the deep Pacific Ocean 
because of the great number of soundings 
secured by vessels of the U. S. Coast and 
Geodetic Survey, and the supplementary de- 
detailed bottom profiles obtained by USS 
EPCE(R) 857. Coast and Geodetic Survey 
ships en route to and from Alaskan waters 
have made sounding lines across the Gulf of 
Alaska since 1925 (Fig. 1). The 36,000 soundings 
taken prior to 1939 have been analysed by 
Murray in two excellent descriptive papers 
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(1941; 1945) which are particularly concerned 
with the Aleutian Trench and the seamount 
in the Gulf of Alaska. Murray discussed ling 
of individual spot soundings taken by ech 
sounders which did not record the bottom 
graphically; the soundings have an averag 
spacing of approximately a mile. Moden 
graphically-recording echo sounders register 
sounding every few seconds—which great} 
increases knowledge of the topographic deta 
of the bottom. In the years 1945-1947, fg 
example, the U. S. Coast and Geodetic Surye 
made about ten times as many soundings ij 
this area as between 1925 and 1939, and th 
EPCE(R) 857 took approximately 360,00 
soundings in 44 days while crossing from Kodial 
to Sitka. Despite the large number of ne 
soundings available, the charts accompanying 
this paper show few changes in the broad out 
lines contoured by Murray, and should } 
considered as an elaboration of his pioneering 
work. In detail, however, there are man 
changes, and the new information is especiall 
important in making geological deductions fron 
the topography. 

The bathymetric chart of the Gulf of Alask 
and adjacent waters (Pl. 1) was contoured i 
part by the writers and in part by G. E. Brayte 
under the writers’ guidance as a special problé 
in submarine geology at Scripps Institutiong 
Oceanography. Most of the contouring Wi 
done on U. S. Coast and Geodetic Survem 
original sounding sheets which have a scale@ 
about 15 nautical miles to the inch. The om 
touring was reviewed by Francis P. Shepa 
and the writers with special attention to & 
details of bottom topography revealed @ 
continuously recorded fathograms. 


Purpose and Limitations of the 
Investigation 


In view of the present abundance of @ 
tailed sounding profiles, the writers consid 
it worthwhile to describe further the sea fle 
and the seamounts of the Gulf of Alaska al 
the adjacent Aleutian Trench, and to special 
regarding the origin and geological history 4 
these features. Little is known of the sea ia 
of the Gulf of Alaska except the topograpll 
so speculations regarding the geology ma 
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be based on analogy with continental topog- 
raphy, on paleogeography, and on extrapola- 
tion of the stratigraphy and structure of the 
land bordering the Gulf of Alaska. The spec- 
ulation leads to vague conclusions; but specu- 
lation is a necessary part of deep sea geology 
in which the most detailed investigations seldom 
yield as much geological information as a re- 
connaissance on land. Moreover, the Gulf of 
Alaska has about the same area as California, 
Nevada, Utah, and Arizona combined, and 
even on land any study of such a vast region 
would be generalized and simplified. 

In attempting to extrapolate geology into 
the Gulf of Alaska, details of the geology of 
southern Alaska have been used to form a 
generalized geological history. Many features 
of coastal Alaskan geological history are not 
included in the present report because they do 
not seem pertinent to a study of the sea floor. 
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In general, the floor of the Gulf Aa 
(Pl. 1) is a smooth southwest-sloping plain 
with contours roughly parallel to the western 
coast of Canada and southeastern Alaska, 
Above the plain rise many seamounts, sume 
with a relief of more than 2 miles. 

An examination of published charts and u- 
published sounding data taken by the U. §. 
Coast and Geodetic Survey and U. S. Navy 
indicates that this Gulf of Alaska plain is a 
portion of a much more extensive plain which 
lies under the entire northeast portion of the 
North Pacific Ocean. To the northwest, the 
plain is warped downward where it joins the 
easternmost part of the Aleutian Trench. The 
plain has no clearly marked western boundary 
but grades into the north-central Pacific Ocean. 
Toward the south the plain becomes more ir- 
regular, and it has a sharp southern boundary 
produced by a submarine scarp which trends 
east-west at about Lat. 40°N. The scarp abuts 
the continental slope off Punta Gorda on the 
California coast. The near-shore portion of this 
scarp has been described by Murray (1939), 
and also by Shepard and Emery (1941, p. 
35-41). The joint Scripps Institution of 
Oceanography and Navy Electronics Labora- 
tory expedition to the Mid-Pacific in 1950 
surveyed the area of this scarp (Menard and 
Dietz, 1951). The, scarp extends over 100 
miles from the coast, and varies in height from 
about 1 to 2 miles. The near-shore part slopes 
to the north, but along most of its length it 
slopes to the south. South of the scarp, the 
sea floor appears to be more irregular than it 
is to the north. 

The base of the Canadian-Alaskan conti- 
nental slope forms the eastern and northeastern 
boundary of the plain. The line between the 
continental slope and the plain is ill-defined 
in some places but is very sharp elsewhere, 
particularly off the Queen Charlotte Islands 
where a depression about 10 miles wide, 150 
miles long, and 200-300 feet deep lies at the 
base of the slope. The depth at the base of the 
slope is generally 1400-1700 fathoms. From 
the base of the slope to a depth of 2000 fathoms, 
the sea floor off Canada has an average in- 
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q to 2600 fathoms, it slopes 9.5 feet per mile. 


The smoothness of a part of the plain, shown 
in the fathogram taken en route from Seattle 
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join the seamount flanks in a smooth tangential 
curve. On other profiles the contact between 
the sea floor and the seamount slopes is abrupt 
but is not marked by a depression. Most of 
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to Kodiak Island (Pl. 2), suggests a surface of 
deposition. This is further suggested by abun- 
dant mud or ooze notations on published charts 
although the sediment may be only a veneer. 
The sediment chart prepared by Schott (1935) 
shows that the northern part of the Gulf of 
Alaska, excluding the terrigenous mud near 
the continental slope, is covered by diatoma- 
teous ooze which grades into red clay to the 
south. 

A puzzling feature of the sea floor topography 
is the existence of depressions at the foot of 
many seamounts. It is not established whether 
the depressions are closed, because most of 
them are known only from profiles. Figure 2 
shows a number of profiles drawn across sea- 
mounts and the adjacent sea floor. On some of 
the profiles the sea floor rises gradually to 
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Figure 2.—PRoOFILES OF SEAMOUNTS IN THE GULF OF ALASKA SEAMOUNT PROVINCE 
Flanking depressions are underscored and the depths in feet are shown. Tick marks along the profiles 


the profiles, however, show an abrupt contact 
and a shallow depression at the transition 
between the flank of the seamounts and the 
sea floor. The depressions are not obvious on 
some of the profiles because of the small 
vertical scale, so each depression has been 
underscored, and the depth in feet below the 
approximately smooth sea floor has been 
noted. The depths are no more than estimates 
because the sea floor is not smooth everywhere 
and the depth of a depression below the sea 
floor cannot be measured accurately. However, 
the indicated depths of 30 to 600 feet give the 
order of magnitude of the depressions. Most 
of the profiles are prepared from U. S. Coast 
and Geodetic Survey spot sounding lines, so 
they do not give a very complete profile of the 
bottom. Plate 3 shows parts of a fathogram 
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taken along a southeasterly course from GA-12 
to GA-23 by the U. S. Coast and Geodetic 
Survey ship PATHFINDER in 1947. Depressions 
marginal to seamounts may be seen on both 
sides of GA-12, on the northwest side of GA-15, 
and on the southeast side (and possibly on the 
northwest side) of GA-14. The marginal de- 
pressions appear to grade smoothly into the 
sea floor and the seamount flanks; but the 
echo sounder has a tendency to distort minor 
steep topography in deep water, with the 
result that the base of a small vertical cliff 
appears on the fathogram as a smooth curve 
grading from the sea floor to the cliff face. 
For this reason, the possibility cannot be ex- 
cluded that the depressions are bounded by 
small steep escarpments. 

Few seamounts have been crossed by enough 
sounding lines to establish the areal extent 
of the marginal depressions. However, the 
topography around Dickens Seamount (Fig. 3) 
suggests that the marginal depressions are 
ring-shaped. The depression bordering Dickens 
Seamount is of the order of 5-10 miles wide and 
200-600 feet deep, and it opens toward the 
south. A low ridge about 5 miles wide lies west 
of the deep side of the depression and approxi- 
mately concentric to it. Similar low ridges 
appear on the outer side of depressions marginal 
to other seamounts. A good example may be 
seen on the northwest side of GA-12 (Pl. 3). 

Sounding lines are too far apart to establish 
the presence or absence of marginal depres- 
sions around some seamounts. The topography 
around others is too rough to permit distinguish- 
ing a significant marginal depression from a 
random irregularity. Only 14 seamounts in the 
Gulf of Alaska have been surveyed in sufficient 
detail and are situated favorably enough to 
determine the existence of marginal troughs. 
Eleven of these fourteen seamounts appear 
to have marginal troughs. Marginal troughs 
are commonly found around large seamounts 
elsewhere in the Pacific area. 

Two possible origins for the marginal de- 
pressions come to mind: (1) subsidence of the 
seamount and the adjacent sea floor, or (2) 
non-deposition or scour resulting from con- 
striction and consequent acceleration of bottom 
currents deflected around the sides of sea- 
mounts. Discovery of large marginal depressions 
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around seamounts far from land in the d 

north Pacific Ocean seems to preclude bottom 
current action as the agent which produces 
all the depressions. Local subsidence appears 
to be primarily responsible for the depressions, 
although bottom current action may tend to 
preserve depressions from filling by sediment. 


SUBMARINE MOUNTAINS 
Topographic Provinces 


The seamounts in the Gulf of Alaska area 
are of two types. One type is ideally a simple 
symmetrical conical peak, separated from any 
other peaks by a relatively flat sea floor. The 
other type is a long narrow ridge, irregular in 
transverse profile, separated from similar 
parallel ridges by a trough; some peaks rise 
above the general level of the ridge. These two 
types of seamounts appear to occur in separate 
areas and are found together only at the mutual 
boundary of the areas. This seeming mutual 
exclusion may be illusory, however, because 
the sounding density in some areas is not ade- 
quate to separate the two types. A large area 
with a distinctive, homogeneous type of topog 
raphy may be called a topographic province, 
and two such provinces are proposed: the Gulf 
of Alaska Mountains Province, and the Ridge 
and Trough Province. Flat-topped seamounts 
are of particular importance in interpreting 
submarine geology: because the flat tops ap 
pear to be the result of wave truncation at or 
near sea level. The minimum depth of a sea- 
mount summit is also important because 
seamounts which project up into the upper 00 
fathoms of the ocean should show evidences 
of wave truncation which occurred when the 
sea was lowered during the Pleistocene Period. 
From the marine geology viewpoint, therefore, 
it is very significant that many of the seamounts 
in the Gulf of Alaska Seamount Province have 
flat tops, and none of them are shoaler than 
227 fathoms; whereas in the Ridge and Trough 
Province none of the seamounts are flat- 
topped, but several are shoaler than 50 fathoms. 


Gulf of Alaska Seamount Province 


Ranges within the Province-—Most of the 
Gulf of Alaska seamounts lie along one of three 
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alinements or chains which are roughly parallel 
and trend in a northwesterly direction. The 
northernmost of the ranges is the most im- 
portant, for the present paper, because some 
dues can be obtained regarding its history. 
Pratt-Welker Chain of Seamounts.—Table 1 
shows the positions, minimum depths, heights, 
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Ocean area, and on the process by which guyots 
are formed. Guyots will be discussed further 
in the section on the Inferred Geological 
History of the Seamounts. 

Of the ten Pratt-Welker seamounts with 
summit depths less than about 800 fathoms, 
four have flat tops and the others have summit 


TABLE 1.—GuLF OF ALASKA SEAMOUNT PROVINCE, PRATT-WELKER CHAIN 


Minimum | Platform | Platform | 
Name Lat. N. Long. W. Nautical Height Feet 
Guyots 
56-20 142-30 388 400 & 490 8.5 10,422 
Welker Seamount............. 55-10 140-20 426 430 4.0 8,280 
56-55 149-10 1378 1380 1.5 7,800 
Seamounts with indeterminate summit configurations 
Dickens Seamount............. 54-30 136-55 260 ? 8,700 
56-25 145-50 1370 ? 4,200 
Pees ee 56-00 141-40 1232 ? 4,200 
54-50 138-35 812 ? 5,100 


and the depths and widths of summit plat- 
forms where present, of 15 of the most promi- 
nent seamounts of the Pratt-Welker chain. 
Hess (1946) discovered that the summits of 
many seamounts in the central Pacific Ocean 
are truncated, and other truncated seamounts 
have since been found in both the Atlantic 
and Pacific Oceans. He called such truncated, 
flat-topped seamounts “guyots”, and surmised 
that the truncation resulted from planation by 
waves when the guyot summits were once at 
sea level. The average depth of the guyots in 
the central Pacific Ocean is about 800 fathoms. 
Hess suggested that the guyots have been thus 
deeply submerged by a general and gradual 
subsidence of the sea floor. A study of Gulf of 
Alaska seamounts, particularly those shoaler 
than about 800 fathoms, is of interest in that 
it bears on the general history of the Pacific 


configurations which are indeterminate on the 
basis of existing data. The seamounts with 
indeterminate summit configurations are 
Dickens, Giacomini, GA-7', GA-9, GA-10 and 
GA-i1. The four flat-topped seamounts are 
Pratt, Welker, GA-3 and GA-4. They appear 
to be guyots, but the average platform depth 
of about 400 fathoms is several hundred 
fathoms shoaler than the average platform 
depth of the guyots of the central Pacific 
Ocean (Hess, 1946). 

All the seamounts in this chain lie in a 
northwest-trending belt which has a maximum 
width of 60 miles and is almost 600 miles long. : 
All the known guyots are in the northwestern 

1For the sake of convenient discussion, the 
unnamed seamounts have been given the numbers 
listed in Tables 1 and 2 and used in Figure 1. Thus, 


GA-1 means Gulf of Alaska unnamed seamount 
number 1. 
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two-thirds of the belt. Dickens Seamount— 
the only one which is shoaler than the platform 
depth of the guyots—is near the southeastern 
end of the belt. Four of the seamounts in this 
group are shown in Plate 4. A profile of the 
sea floor from the vicinity of Kodiak Island 
to Welker Seamount appears in Figure 5; all 
named or numbered seamounts near the line 
of profile have been projected into it. 

Seamount GA-1 is of particular interest 
because it lies in the Aleutian Trench. A 
fathogram (Pl. 4) taken by the U. S. Coast 
and Geodetic Survey ship Surveyor in 1947 
while crossing this seamount on a southeasterly 
course failed to record a trace of the bottom 
in the northwestern part of the summit— 
presumably due to some defect when the depth 
scale was switched manually—but, from the 
portion of the summit recorded, GA-1 appears 
to be a typical guyot with a flat top and with a 
sharp break of slope between the top and the 
flank. If so, the platform depth of 1380 fathoms 
marks GA-1 as the deepest reported guyot. 

Seamount GA-3, which lies near the edge of 
the broad seaward flank of the Aleutian Trench, 
deserves special mention because the flat sum- 
mit platform has a pronounced slope. Plate 4 
establishes this seamount as a guyot with a 
platform sloping from a depth of 400 fathoms 
on the east to 500 fathoms on the west. The 
platform is 5.5 miles wide. The sloping, flat 
surface on this seamount is also shown on a 
profile constructed from spot soundings, 
(Murray, 1941, Figure 5,A). If the amount of 
dip is solved as a three-point problem using 
both lines of soundings, it is 800 feet per statute 
mile toward S 85°W. Positions of the sounding 
lines are questionable, however; it may be 
stated with certainty only that the dip is 
about 750-850 feet per mile in a westerly 
direction. 

The sea floor is smooth between the individual 
peaks of the Pratt-Welker chain, and the sea- 
mounts rise abruptly, in most places without 
foothills. The flanks of some of the mountains 
are measurably concave upward; the slope 
angles do not appear greater than 22-24 even 
near the summits where they are steepest. 


*In making this computation, a slope correction 
has been applied which assumes that the half-angle 
of the 17 ke sound beam is 30°. Such a correction 
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TABLE 2.—GuLF oF ALASKA SEAMOUNT PROVINCE, 


PaTTON-GILBERT AREA 


g 
om 
Guyots 
Faris Sea 
mount...... 54-32/147-15] 804 | 804! 9,600) 2- 
Patton Sea 
mount...... 54-37|150-27| 227 | 430)12,438) 6 
52-34)151-19} 857 | 870) 9,600! 5 
54-18/148-25/1150 |1150) 6,000) 6 
53-54/148-25) 942 |1020) 6,600) 2 
GA-23........ 50-57/143-11) 462 | 510] 9,000) 3 
Seamounts with undetermined summit 
configurations 
Gilbert Sea 
mount...... 52-47|150-05; 785 | ? [10,290 
Miller Sea- 
mount...... 53-32/144-17| 548 | |10,140 
52-23/150-30)1420*| ? | 6,000 
52-12/149-35|1564 | ? | 4,800 
51-58/148-45|1255 | ? | 6,600 
54-10/149-30) 396 | ? |11,400 
54-25/148-37|1243 | ? | 4,500 
GA-20........ 53-03/144-10)1263 | ? | 5,400 
| ? | 3,849 
GAZ... 51-14/143-38)1023 | ? | 7,200 
52-22/146-52|1280 | ? | 6,700 
GA-28f....... 50-10/141-59|1150 | ? | 6,330 
GA-29f....... 50-20|142-20] 665 | ? | 9,240 


*Seamount GA-13 probably has a summit 
depth shoaler than 1420 fathoms although that is 
the minimum depth which appears on the fathogram 
crossing it (Pl. 3, fig. 2). The attenuation of the 
returning sound ping—indicated by the unusual 
length of the bottom trace on the fathogram— 
shows that the bottom was sloping at an angle to 
the sounding line. Therefore, the peak of the sea- 
mount was not crossed. 

Tt Nichols (1950). 


Other chains of seamounts——The positions, 
minimum depths, and depths and widths of 
any platforms of other seamounts in the Gulf of 
Alaska Mountain Province which rise above 
1500 fathoms and have a relief of more than 
3000 feet (500 fathoms) are shown in Table 2. 


ent only for slope angles greater than about 
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There are six seamounts with flat tops at 
depths between 430 and 1150 fathoms—they 
appear to be guyots. Two, at 430 and 5i0 
fathoms, have platform depths similar to the 
most common depth in the Pratt-Welker chain; 


TABLE 3.—Four SEAMOUNTS IN THE RIDGE AND 
TROUGH ProvINce, GULF OF ALASKA 


Mini- 

Name Lat.N. | Long. W. Depth ay ont 
oms 

Hodgkins... . 50-30 | 135-40 | 38 | 9,600 

GA-2........ 51-08 | 139-06 | 1181 | 5,100 

GA-Z......... 51-40 | 138-25 | 1400 | 3,500 

GA-26........ 50-10 | 137-10 | 400 | 9,600 


the deeper peaks have depths similar to those 
discovered by Hess (1946) in the central 
Pacific Ocean. Guyots with widely different 
platform depths are in close proximity, dupli- 
cating the situation in the central Pacific 
Ocean. 

Like the seamounts of the Pratt-Welker 
chain, these seamounts are symmetrical in 
profile and have flanks which are concave 
upward, reaching a maximum slope angle of 
24°. Most of the seamounts rise abruptly from 
the smooth ocean floor. However, Patton 
Seamount and the adjacent lower peaks rest 
on a platform which is about 500 fathoms higher 
than the surrounding sea floor. The platform 
has no definite limits but it is about 40 miles 
wide and 80 miles long. 


Ridge and Trough Province 


Table 3 shows the positions, minimum depths, 
and heights of the four seamounts in the part 
of the Ridge and Trough province which is in 
the Gulf of Alaska. The province lies off the 
coast of southwestern Canada and the north- 
western United States. In the Gulf of Alaska, 
it trends parallel to the coast, and is about 
300 miles wide. Most of the province is south 
of the area of the Gulf, but some of the southern 
seamounts will be mentioned briefly. 

Figure 6 and Plate 5 show profiles of sea- 
mounts in the Ridge and Trough province, 
but most of the seamounts are outside the 
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Gulf of Alaska. Comparison with the seamounts 
in Figure 2 and Plates 3 and 4 indicates the 
difference between the irregular profiles of 
the Ridge and Trough province and the more 
regular and symmetrical profiles of the Gulf 
of Alaska Seamount province. The seamounts 
in the Ridge and Trough province are also 
distinguished by unusually shoal summits, 
Hodgkins Seamount has a known minimum 
depth of only 38 fathoms, a seamount off 
Vancouver Island has a reported minimum 
depth of only 11 fathoms, and two seamounts 
off Washington have depths of only 22 fathoms 
and 45 fathoms. These depths are more than 
200 fathoms shoaler than the shoalest depths 
of any of the seamounts in the Gulf of Alaska 
Seamount province. The depths are almost 
400 fathoms shoaler than the average level of 
the truncated summits of the guyots in the 
Pratt-Welker chain. 


ALEUTIAN TRENCH 


The Aleutian Islands form the northernmost 
of the island festoons characteristic of the 
Pacific Ocean. Many of the islands have a 
volcanic origin and contain active volcanos. 
The volcanos continue inland along the Alaska 
Peninsula as far north as Mt. Spurr in southern 
Alaska. The configuration of the island chain 
corresponds to about 90° of the arc of a small 
circle (Murray, 1945, p. 759) with a radius of 
about 650 nautical miles, and a center at 
Latitude 62° 40’ N., Longitude 178° 20’ W. 
The axis of the Aleutian Trench follows an 
approximately concentric arc which has 4 
radius about 80 nautical miles longer than the 
arc of the islands. The trench exceeds 4000 
fathoms (24,000 ft) in maximum depth but 
it lacks more than 1000 fathoms of reaching 
the great depths of the Mindanao and Japan 
Trenches. 

The location of the axis of the Aleutian 
Trench and of active volcanos in the Aleutian 
structure is shown in Figure 7, on polar co- 
ordinate paper with the center of the coordi- 
nates corresponding to the center of the 
Aleutian arc as determined by Murray (1945, 
p. 759) by the use of a 30-inch globe. The polat 
plot is the only type which is capable of show- 
ing the undistorted configuration of an arc of 
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ALEUTIAN TRENCH 


a small circle on a globe. The plot was made 
by measuring bearings from the center on a 
great circle sailing chart which is so constructed 
that straight lines correspond to great circles 
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axis of the trench southeast of Kodiak Island 
is shown in detail in Plate 2. The fathogram, 
which has an approximate vertical exaggera- 
tion of 30, shows that the gently-sloping floor 
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NAUTICAL MILES 
FicurE 6.—PROFILES OF SEAMOUNTS IN THE RIDGE AND TROUGH PROVINCE 


on the earth’s surface. Distances were measured 
on a Mercator projection, and the scale was 
corrected for small differences in latitude. The 
measurements were checked in several places 
by calculating great circle distances by spherical 
trigonometry (Dutton, 1942). The figure shows 
how closely the Aleutian volcanos correspond 
to the arc of a small circle between the 
Komandorski Islands and Mt. Frosty. Between 
Mt. Frosty and Mt. Katmai the volcanos 
deviate from the arc. From Mt. Katmai to 
Mt. Spurr, the alinement of peaks is arcuate, 
but the radius of the arc is longer than in the 
Aleutian area. 

On the basis of individual spot soundings 
taken 1 to 3 miles apart, Murray (1945) has 
drawn a number of profiles of the eastern part 
of the Aleutian Trench which show it to have 
an asymmetrical V-shaped cross section with 
the steep side toward the shore. The remarkable 
smoothness of the seaward approach to the 


of the Gulf of Alaska is warped downward 
with no apparent faulting to form the Aleutian 
Trench. The same smooth transition between 
the floor of the Gulf of Alaska and the Aleutian 
Trench appears on another fathogram taken 
on an easterly course from Kodiak Island to 
Sitka. The steep slope on the continental side 
of the trench is very irregular. This irregularity 
suggests faulting, but the profile crosses an 
area in which Murray’s chart (1945, Pl. 3) 
shows a submarine canyon, so the relief may 
be erosional rather than structural. 

The transverse profile of the eastern part 
of the Aleutian Trench is unlike the profile 
of most of the great trenches of the Pacific 
area in that it is not depressed deeply below 
the flat abyssal floor of the ocean (Fig. 8). 
Some possible explanations of the unusual 
shape are given in the section on Inferred 
Geological History of the Present Aleutian 
Trench. 


51° 
139° 30'w GA 24 
1000 


Aas 


OZ BLT ‘N OF .Z9 2PNIN] St ay} Jo 123099 


GNV SGNVIS[ NVILAXTY AHL 40 LOTG ALVNIGUOOD TANI] 


MENARD AND DIETZ—SUBMARINE GEOLOGY, GULF OF ALASKA 


1276 


MO2,821 


NOv 


Ove 


‘S| INSYOONVWOY 


| 
2G 
au: > & \ 
5 
>. of 
de 
3 
sil 
4 ab 
5 or 
re) 
S an 
of 
Al 
by 
be 
4 tio 
on 
on 


MESOZOIC “TRENCH” AND ITS SEDIMENTARY HISTORY 


INFERRED Mesozoic “TRENCH” AND 
Irs SEDIMENTARY HISTORY 


The arc of the Aleutian Trench is concentric 
to the arc of the Aleutian volcanos from the 
vicinity of Kiska Island to Umnak Island 
(Fig. 6). Off Umnak Island, the trench takes a 
more southerly trend so that the distance 
between the axis of the trench and the volcanic 
arc gradually increases from 80 miles to about 
200 miles near the Kenai Peninsula. This is the 
present trench; an earlier Mesozoic trench may 
have passed through the area now occupied by 
Kodiak Island and the Kenai Peninsula. 

Umbgrove (1947) hypothesizes that all 
island arcs originate as single lines fronted by 
a marginal trench, and that they result from 
the formation of a tectogene—a downbuckling 
of the earth’s crust. After the trench is filled 
with sediment and compressed, it rises iso- 
statically to form a second chain of islands 
with deeps on each side—a double arc. The 
islands of some island arcs, such as the 
Marianas, are of such limited width that they 
are unable to provide any considerable supply 
of sediment to their original trenches. There- 
fore, even after isostatic adjustment of the 
downwarped tectogene, the original trough 
continues to exist as a topographic low, and 
the islands retain the form of a single arc. 
The Aleutian, Kurile, and West Indies arcs 
belong to yet a third class called pseudo-single 
arcs because they are single over most of their 
length but double at one end. According to 
Hess (1939) and Umbgrove (1947), pseudo- 
single arcs are formed because one end of the 
arc is in the deep ocean where there is little 
sediment to fill the trench, but the other end 
abuts a continent where there is enough sedi- 
ment to fill the trench and by subsequent 
deformation to form a double arc. 

The sedimentary record of Kodiak Island 
and the Kenai Peninsula suggests that they 
originated in the manner proposed by Hess 
and elaborated by Umbgrove. Few outcrops 
of Paleozoic rocks are known in southwestern 
Alaska although most of the area was covered 
by Paleozoic seas (Mertie, 1930). Sedimentation 
began in upper Triassic time with the deposi- 
tion of 1000-2000 feet of chert (Martin, 1926) 
on the east side of the Alaska Peninsula, and 
on the west side of the Kenai Peninsula and 
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Kodiak Island. Fourteen to sixteen thousand 
feet of clastic and volcanic sediments were 
deposited on the east side of the Alaska Pen- 
insula during the Jurassic Period, and these 
are overlain by several thousand feet of 
Cretaceous sediments. Reconnaissance mapping 
of the Kenai Peninsula and Kodiak Island 
indicates that the sediments of Mesozoic age 
are thick but no detailed measurements have 
been made. Smith (1939, p. 50) says: ““Measure- 
ments across the general trend of these rocks 
indicate that several miles of strata are in- 
cluded, but doubtless this great thickness is 
apparent only, being due to undetected dupli- 
cation.” In the absence of field measurements 
it is possible only to speculate that Kodiak 
Island and the Kenai Peninsula (and the ex- 
tension of the structure to the northeast) mark 
the site of a Mesozoic geosyncline in which 
sediments of great thickness were deposited 
due to the formation of a trough in front of 
the Aleutian structure. It is worthy of note, 
however, that Mesozoic strata 15,000 to 20,000 
feet thick have been measured on the east side 
of the Alaska Peninsula, and that this area 
would have been only the margin of the geo- 
syncline according to Umbgrove’s proposed 
position of the tectogene. Mesozoic volcanics 
and sediments are found in the western Aleutian 
Islands also (Coats, 1947), so the beginning of 
the whole of the Aleutian structure may be 
pre-Tertiary. 

In the middle of the Cretaceous Period, 
southern Alaska was affected by a major 
orogeny (Mertie, 1930) accompanied by a 
general uplift; the orogeny continued to the 
end of the period. Subsequent sedimentation in 
the Eocene epoch was either continental or 
littoral marine (Smith, 1939), and was charac- 
terized by the formation of coal in the Kenai 
formation. There are no proved post-Eocene 
marine sediments in the area except on the 
eastern side of Kodiak Island where Capps 
(1937) reports Miocene or Pliocene marine 
sandstones. Miocene (?) sediments, mostly of 
volcanic origin, border Shelikof Strait and 
Cook Inlet (Eardley, 1948) and presumably 
lie under the water as well (Fig. 8). 

In summary, the Kodiak-Kenai area was 
the site of a Mesozoic basin; about 20,000 
feet of sediment were deposited on the margin 
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DISTANCE IN NAUTICAL MILES 
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The profiles are drawn 
the location and number 


of the basin, and an undetermined thickness 
was laid down in the center. The basin was 
deformed and uplifted during the Cretaceous 
Period and again at its close. Continental 
sediments and coal-bearing marine sediments 
were deposited in the Eocene. The absence of 
post-Eocene sediments suggests that the Kenai 
Peninsula (excepting its northwestern edge) 
and most of Kodiak Island have remained 
above water since Eocene time. Partially 


Ficure 8.—Prorires Across Deep SEA TRENCHES 


rpendicular to tangents of the trenches. Tick marks along the profiles show 
the contours or soundings from which the profiles are drawn. 


marine Miocene (?) sediments were deposited 
on the northwestern edge of the Kodiak-Kenai 
area and the southeastern edge of the Alaska 
Peninsula, and the central part of the Miocene 
(?) basin is still covered by an arm of the sea. 
If this selected geological history is compared 
with Umbgrove’s concept of the history of a 
pseudo-single arc, it will be seen that the two 
agree in all respects except that Shelikof 
Strait and Cook Inlet do not form a typical 
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deep. This apparent inconsistency may be due 
to rapid filling of a deep by sediment derived 
from the surrounding continental highlands. 
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of post-Eocene marine clastic sediments are 
found in the Katalla district just north of 
Cape St. Elias (Smith, 1939). At Lituya Bay, 


Meé. St. Elias 
4 wh Lituya Bay 
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FicurE 9.—Map oF LATE TERTIARY OUTCROPS IN SOUTHERN ALASKA 
(In part after Eardley, 1948.) 


INFERRED GEOLOGICAL HISTORY OF 
EASTERN PART OF THE ALEUTIAN 
TRENCH 


The eastern part of the Aleutian Trench is 
unusual in that it is not depressed far below 
the surrounding sea floor like other deep sea 
trenches. The absence of a deep depression 
may be ascribed to many causes, of which the 
most probable are: 

(1) The trench is in an early stage of develop- 
ment and the depression has only begun to 
form. 

(2) A depression formed but has since been 
filled with sediment. 

If the known general trend of the Aleutian 
Trench is projected eastward, it intersects 
the coast between Cape St. Elias and Yakutat 
Bay (Fig. 9). The exact point of intersection 
cannot be determined because the end of the 
trench appears to join a submarine canyon 
which arises at Yakutat Bay. The only ex- 
tensive deposits of definite post-Eocene marine 
sediments in the whole of southern Alaska 
crop out in the coastal area near the eastern 
part of the Aleutian Trench. About 12,500 feet 


in the southernmost part of the late Tertiary 
Basin, possibly as much as 12,000 feet of marine 
clastic sediments were deposited after the 
middle of the Miocene Epoch (Smith, 1939). 
Although the thickness of the Tertiary de- 
posits in the central part of the area is not 
known accurately, the Yakataga district south 
of Cape St. Elias has outcrops which indicate 
about 8000 feet of marine sediments of Eocene 
through Pliocene age (Smith, 1939). On 
Middleton Island, Capps (1933) observed 
rocks from the air which resembled the Tertiary 
sediments of the Katalla-Yakataga area. 
Miocene or Pliocene marine sandstones crop 
out on the south side of Kodiak Island (Capps, 
1937). Together, these outcrops indicate that 
a late Tertiary band of subsidence followed 
the present coast line from Lituya Bay to 
Katalla, and paralleled the Aleutian Trench 
from Cape St. Elias through Middleton Island 
to the south shore of Kodiak Island (Fig. 8). 

According to Umbgrove’s concept of the 
development of pseudo-single arcs, two parallel 
trenches are not formed ordinarily until an 
earlier trench has been filled with sediment 
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and elevated to produce an island arc. The 
Kodiak-Kenai area was elevated, at the earliest, 
at the end of the Cretaceous Period. If this 
area is considered to be the site of a Mesozoic 
“trench” or geosyncline which was elevated 
before the present Aleutian Trench was 
formed, the present trench cannot have been 
depressed before the end of the Cretaceous 
Period. The presence of a late Tertiary basin 
on the axis of the trench, and parallel to the 
trench on the continental side, suggests that 
the depression of the basin and the trench 
was connected genetically as well as temporally, 
and that the basin was a continuation of the 
present trench just as the Kodiak-Kenai area 
may have been the near-shore part of a Mesozoic 
trench. Subsidence of the coast line near the 
eastern end of the Aleutian Trench continued 
through late Tertiary time, but it does not 
appear to be occurring at the present time. 
Instead of continuing subsidence, the coastal 
area has been uplifted, and all the post-Eocene 
marine sediments have been deformed and 
locally tilted to the vertical. The most spectacu- 
lar evidence of a post-Tertiary change in 
tectonic regimen is that Pliocene-Pleistocene 
marine sediments, 1800 feet thick, have been 
elevated as much as 5000 feet (Smith, 1939) in 
the hills south of Mt. St. Elias. Many marine 
terraces along the coast attest that the eleva- 
tion continued through Quarternary time, 
and the earthquake of 1899 which raised part 
of the Yakutat Bay area by 47 feet (Tarr and 
Martin, 1906) shows that the elevation is still 
continuing. Present uplift in the area is evi- 
dence of compression or isostatic adjustment 
which, in turn, suggests that the process 
which depressed the Tertiary Basin is no 
longer active. According to this reasoning, 
the stratigraphic and physiographic evidence 
suggests that the active tectonic development 
of the eastern part of the Aleutian Trench has 
been completed and that no deep depression 
below the level of the sea floor is likely to be 
developed. 

The second possibility remains to be ex- 
plored, that a depression once existed but has 
since been filled with sediment (or that it was 
filled while it formed). The asymmetrical, V- 
shaped profile of the trench in its eastern 
portion is transformed into a more deeply 


depressed form toward the west (Murray, 
1945). This suggests that the trench has been 
filled with sediment from the continent to the 
north and east. However, the evidence is in. 
conclusive because the transformation occurs 
off Umnak Island at the point where the 
pseudo-single arc of the eastern Aleutians and 
the single arc of the western Aleutians join, 
The change in shape, therefore, could be the 
result of a different origin. The sedimentary 
record in the vicinity of the eastern part of the 
Aleutian Trench does not prove that an erst- 
while axial depression was filled with sediment, 
but it does show that the sediment was avail- 
able. Marine sediments 2 miles thick were de- 
posited just east and southeast of eastern end 
of the trench, and the presence of Tertiary de- 
posits on Middleton Island and the south side 
of Kodiak Island suggests that sediments were 
being moved in the direction of the trench 
from the Kodiak-Kenai positive area. The 
trench also may have received marine sedi- 
ment from the direction of the Gulf of Alaska 
by submarine slumping or bottom currents. 

Perhaps the best evidence for thick deposits 
of sediment in the trench is provided by 
Seamount GA-1. It rises from the floor of the 
Aleutian Trench and appears to be flat-topped 
—a guyot. The summit is nearly 1000 fathoms 
below the flat tops of other guyots in the same 
line of seamounts. This suggests that the 
Aleutian Trench formed after the guyots were 
truncated and that the trench subsided about 
1000 fathoms more than the relatively un- 
disturbed floor of the Gulf of Alaska. The 
Aleutian Trench off Kodiak Island is no more 
than 400 fathoms deeper than the floor of the 
Gulf of Alaska. The difference of 600 fathoms 
(3600 feet) may be due to sedimentation. 
Figure 10 illustrates a possible chronological 
sequence of generalized profiles across Seamount 
GA-1, the Aleutian Trench, and part of the 
Gulf of Alaska. In profile (3) of this figure, 
most of the depressed area has been filled with 
sediment. The hypothetical profile of the base- 
ment agrees closely with the observed bottom 
profiles of the Chile, Mindanao, Japan, Java 
and western Aleutian Trenches (Fig. 8). All 
the trenches illustrated, except the eastern 
part of the Aleutian Trench, have depressions 
which are 1100 fathoms (Java) to 1350 fathoms 
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(Japan) below the undisturbed sea floor on their 
oceanic sides. The eastern part of the Aleutian 
Trench is only about 400 fathoms deeper than 
the Gulf of Alaska; however, the platform depth 
of Seamount GA-1 suggests that the trench 
subsided about 1000 fathoms, or almost as 
much as the other trenches, and has since been 
filled with sediment. 


INFERRED GEOLOGICAL HISTORY OF 
THE SEAMOUNTS 


Origin 


Murray (1946, p. 875) stated briefly that 
the oval plan and the steep slopes of the sea- 
mounts in the Gulf of Alaska indicate that they 
are probably extinct volcanos. The detailed 
soundings now available confirm this state- 
ment with regard to the seamounts in the Gulf 
of Alaska Seamount Province. It is difficult 
to conceive of any other geological process 
that would account for isolated seamounts 
with oval plans, symmetrical profiles, flanks 
which are concave-upward, and slopes which 
are steep but which do not exceed 24°. Murray 
(1941) reported slopes up to 38°, but, as he 
indicated, these are based on sparse soundings 
and are of doubtful validity. The lineation of 
the Pratt-Welker chain of seamounts also 
suggests that they are volcanos which formed 
along a major rift in the earth crust. The 
Hawaiian Islands, which trend parallel to 
these seamounts, are believed to lie along 
such a rift. 

No rock samples have been obtained from 
these submarine volcanos; but, the topography 
of the seamounts and the petrology of the 
surrounding regions give some hints regarding 
the composition of the volcanic rocks in the 
Gulf of Alaska. Basaltic volcanos of the 
Hawaiian type have profiles like a shield, and 
the sub-aerial slopes rarely exceed 10°. This is 
less than half of the observed maximum slope 
of the seamounts in the Gulf of Alaska. How- 
ever, submarine basaltic volcanos may have 
steep flanks because of the rapid chilling and 
high viscosity of submarine lava flows. Off the 
northeast side of Kauai Island in the Hawaiian 
group, for example, the slope is 16° between the 
100 and 1000 fathom contours; similarly, off 
the south side of Kaula Island, the slope is 19°. 
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Strato-voleanos have steeper slopes than 
shield volcanos, but, considering their slopes, 
the Gulf of Alaska seamounts are not normal 
strato-volcanos. Kuenen (1935, p. 62-69) 
found that the submarine slopes of the strato- 
volcanos in the East Indies varied between 11° 
and 39°, with a mean value of 25°. This mean 
is greater than the maximum angle of 24° 
observed in the Gulf of Alaska, which suggests 
a different origin for the volcanos in the two 
areas. 

A number of volcanos lying along a line or 
in a long thin zone, generally are thought to 
be genetically related. They are also thought 
to have been formed during the same period 
of vulcanism. Although the length of the period 
is indefinite, individual volcanos appear to 
be short-lived geologically. Seamounts of the 
Pratt-Welker chain lie in a long narrow zone 
and, therefore, the seamounts may be genet- 
ically and temporally related. 

Seamounts in the Coastal Group do not 
appear to be simple volcanos. They have very 
irregular profiles (Fig. 6; Pl. 5) which do not 
resemble the rather simple cones found else- 
where in the Gulf of Alaska. Some seamounts, 
in this group but south of the Gulf of Alaska, 
lie along northeast-trending ridges in a zone 
which is approximately parallel to the coast 
of Washington and Oregon. One of these ridges 
is centered near 45°N latitude and 130°W 
longitude, and a second ridge is centered near 
42°N latitude, and 127°W longitude. The 
ridges are 100-150 miles long, 10-30 miles 
wide and of the order of half a mile to a mile 
high. 

Several lines of evidence suggest that the 
seamounts in the Ridge and Trough province 
may be fold or fault mountains: 

1. The profiles are undulating or irregular. 

2. Many of the minor peaks or undulations 
are distributed along ridges. The relief of the 
ridges above the sea floor may be much larger 
than the relief of individual undulations on 
the ridge. Therefore the ridge appears to be 
the primary topographic feature, not the 
individual peaks. 

3. A belt of submarine earthquake epicenters 
(Gutenberg and Richter, 1949, Figure 8) lies 
within the province. However, some of the 
seamounts are found in a part of the area, 


‘ 
: 0 
st 
d 
vi 
ta 
al 
4 
on 
| 
rol 
su 
mi 
col 
ple 
the 
97. 
dey 
* cat 
sur 
pro 
at 
3 


GEOLOGICAL HISTORY OF SEAMOUNTS 


between 44° and 48°N latitude, where no 
epicenters have been reported. Other seamounts 
in the group lie west of the seismic zone. 

The striking differences in the topography 
of the seamounts in the Ridge and Trough 
province relative to the seamounts in the Gulf 
of Alaska Seamount province are not in them- 
selves conclusive that the Coastal Group 
seamounts are not volcanos. Certainly there 
are volcanos which are irregular in profile, 
distributed along ridges, and associated with 
earthquake epicenters. Nevertheless the sea- 
mounts do not resemble normal submarine 
volcanos, and they are associated by position 
and seismicity with the fold and fault moun- 
tains of the Coast Ranges of western North 
America. The seamounts fill in a gap in the 
Pliocene-Pleistocene orogenic belt which lies 
along the coast of California but trends out to 
sea off northern California and is found again 
on the continent from southeastern Alaska to 
the Aleutian Islands (Eardley, 1948). 


Truncation 


If seamounts with irregular summits (Pl. 5) 
are compared with good examples of guyots 
(Pl. 4), there remains little doubt that the 
guyots have been truncated—presumably by 
wave action (Hess, 1946, p. 785). Carsola and 
Dietz (manuscript in preparation) have dredged 
rounded cobbles from the 380-fathom flat 
summit of Erben Bank, a guyot about 750 
miles west of Southern California; but no such 
convincing evidence of truncation by waves is 
available from the Gulf of Alaska. 

It is generally accepted that marine abrasion 
planes can be formed only relatively close to 
the ocean surface. The common view is that 
this depth of effective wave abrasion or wave 
base is about 40 fathoms, (Umbgrove, 1947, p. 
97-114), 50 fathoms (Barrell, 1917, p. 779- 
780), or even 100 fathoms (Johnson, 1919, p. 
225). The writers are inclined to place the 
depth of abrasion even closer to sea level be- 
cause almost all energy is expended within the 
surf zone (Dietz and Menard, in press). 

Marine exploration, in recent years, has 
produced much indirect evidence that currents 
competent to transport sand exist occasionally 
at all depths in the oceans. For example, 
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topographic highs and steep slopes are generally 
rocky regardless of depth. This implies the 
existence of currents strong enough to sweep 
off any sediment that reaches guyot tops. 
The only attempt to sample the top of one of 
the Gulf of Alaska seamounts (Dickens Sea- 
mount) resulted in the identification of rock 
bottom although no sample was recovered 
(Murray, 1941, p. 346). The writers do not 
consider deep currents capable of eroding a 
platform because of the extreme slowness 
with which such action would take place and, 
more especially, because the abrasion of a level 
surface requires strong currents down to the 
platform depth, and weak currents directly 
below it. 

As no means appear to exist for truncation 
very far below sea level, these guyots appear 
to be deeply drowned islands as Hess (1946) 
has suggested. The cause of the drowning is 
uncertain; it may be due to an absolute rise 
in sea level, a subsidence of the sea floor, or a 
combination of the two. Relative sea level, 
however, has risen about half a mile above the 
shoaler guyots in the Gulf of Alaska, and about 
a mile above the deeper ones since the plat- 
forms were cut. Relative sea level has risen 
about 14 miles above Seamount GA-1, which 
lies in the Aleutian Trench. 


Submergence 


The guyots in thé Pratt-Welker chain (and 
elsewhere) presumably were truncated at a 
time when they reached the surface of the sea. 
Now most of them have minimum depth of 
about 400 fathoms—2400 feet. The change in 
depth relative to sea level may be explained 
in terms of a rise in sea level, a general sub- 
sidence of the sea floor in the Gulf of Alaska, 
local subsidence of individual seamounts, or 
some combination of the three. 

The marginal depressions associated with 
many seamounts suggest that local isostatic 
subsidence plays a role in the submergence of 
guyots. The general accordance of the truncated 
summits of the guyots in the Pratt-Welker 
chain, however, requires explanation if the 
seamounts subsided individually. Excluding 
GA-1 because it lies in the Aleutian Trench, 
the guyots in this chain have summit depths 
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between 390 and 450 fathoms—a range of 60 
fathoms or 360 feet. This range is not large 
compared to the possible range of 2200 fathoms 
or 13,200 feet between sea level and the sea 
floor, and may be accounted for by small 
variations in the mass or shape of the guyots. 

Hess (1946) set forth the hypothesis that 
the present depth of guyots in the central 
Pacific Ocean has been produced by a gradual 
rise in sea level, relative to oceanic islands, as 
a result of the displacement of water by sedi- 
ment deposited on the sea floor. No large 
change in sea level relative to the continents 
is necessary to this hypothesis because of 
isostatic rise of the continents and subsidence 
of the ocean basins. Hess stated that any shoal 
platforms in coral-bearing seas would become 
covered by reefs. The few available profiles of 
guyots in the central Pacific Ocean led Hess to 
believe that they were not capped by reefs so 
he reasoned that they must be pre-reef, and 
therefore pre-Paleozoic in age. Taking the 
shoalest guyots to be the youngest ones, Hess 
concluded that the post-Proterozoic rise in 
sea level amounted to about 500 fathoms. 

One of the objectives of the joint Scripps 
Institution of Oceanography and Navy Elec- 
tronics Laboratory expedition to the Mid- 
Pacific in 1950 was to investigate guyots and 
test Hess’s stimulating hypotheses. During 
the expedition, reef corals were dredged from 
the top of a guyot at a depth of almost 1000 
fathoms, so a pre-Proterozoic age was dis- 
proved. Preliminary studies by E. L. Hamilton 
(1951) indicate a mid-Cretaceous age for the 
coral and associated fauna, and the submergence 
must have occurred since that time. Recent 
drilling of Pacific islands also indicates rapid, 
comparatively recent, submergence. 

Drilling on Kita Daito Shima, a small 
island in the Philippine Sea, has located lower 
Miocene fossils as deep as 1303 feet (217 
fathoms), and upper Oligocene fossils as deep 
as 1422 feet (237 fathoms) according to 
Hanazawa (1940). Drilling on Bikini Island 
in the Marshall Islands found lower Miocene 
fossils as deep as 2556 feet (426 fathoms) 
according to Ladd, Tracey, and Lill (1948). 
Some fossils at Bikini appear to be in positions 
of growth (K. O. Emery, personal communica- 
tion, 1950), so the measured thickness of the 
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late Tertiary deposits is not merely a large 
apparent thickness produced by drilling through 
steeply inclined talus. These islands apparently 
have been submerged 200-400 fathoms since 
lower Miocene time. 

The widespread evidence of submergence of 
islands and guyots in the Pacific area appears 
to support Hess’s hypothesis of a gradual rise 
of sea level, but dredging on the guyots and 
drilling on the islands show that the sub- 
mergence has been more rapid than Hess had 
reason to believe. Applied to the Gulf of Alaska, 
a gradual rise of sea level would account for at 
least a part of the present depth of submergence 
of the guyots. The differences in depth could 
be attributed to differences in age in that older 
seamounts would be deepest. 

A regional subsidence of the whole Gulf of 
Alaska could contribute to the submergence of 
guyot platforms in the area, but much of the 
sea floor in the area would be depressed below 
the floor of the surrounding ocean. No such de- 
pression exists. On the contrary, the floor of the 
Gulf of Alaska grades imperceptibly into the 
floor of the northern Pacific Ocean to the west. 
The possibility remains that such a depression 
was formed but has been filled with sediment. 

None of the hypotheses for the submergence 
of guyots appears to be entirely adequate to 
explain the observed bathymetry. Further in- 
vestigations of seamounts which are now under- 
way may help to solve this problem. 


Age 


The extraordinary depth of the flat top of 
Seamount GA-1, which is located on the axis of 
the Aleutian Trench, suggests that the trunca- 
tion occurred before the present part of the 
eastern Aleutian Trench was formed. On the 
basis of available stratigraphic evidence, the 
Eastern Aleutian Trench appears to have been 
formed in early Tertiary time; if so, the trun- 
cation of the seamount was pre-early Tertiary. 

Hodgkins Seamount, in the Ridge and 
Trough province, which rises to 38 fathoms 
below sea level is conspicuously shoaler than 
the near-by seamounts in the Gulf of Alaska 
seamount province. It does not appear to be 
terraced, and probably was formed after the 
guyots in this area were truncated. Three other 
seamounts, in the Ridge and Trough province 
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but south or east of the Gulf of Alaska, are also 
less than 50 fathoms deep. These exceedingly 
shoal depths for seamounts rising from the 
abyssal sea floor suggest that the seamounts are 
younger than the oscillating Pleistocene sea 
levels. The Ridge and Trough province may 
be considered as the submarine portion of the 
Pliocene-Pleistocene orogenic zone found in 
California and southern Alaska. It is interesting 
to note that Eardley (1948) stated “Because 
the Coast Range orogeny is so recent, the dis- 
tribution of the mountains indicates the extent 
of the orogenic belt.” and “The orogenic belt, 
if it continued northward, lies seaward of 
Oregon and Washington. ...” Two shoal, and 
presumably recent, seamounts were discovered 
in 1950-51 off southern Washington. 
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